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Germanium-tin (Ge1−xSnx) is a versatile group IV material system 
which has attracted great research attention in recent years for both electronic 
and photonic device applications. Ge1−xSnx has higher electron and hole 
mobilities than silicon (Si) and germanium (Ge), making it a promising 
candidate for high mobility channel metal-oxide-semiconductor field effect 
transistors (MOSFETs) in sub-7 nm technology nodes. In addition, Ge1−xSnx 
significantly expands the optical absorption range, and enhances the 
absorption coefficient of Ge. This makes Ge1−xSnx a very promising group IV 
material for near-infrared (NIR, 0.78 – 2 μm) and mid-infrared (MIR, 2 – 5 
μm) photodetectors. This thesis work focuses on the process development, 
performance enhancement, and technology demonstration of Ge1−xSnx NIR 
and MIR photodetectors.  
The wet and dry etching processes for Ge1−xSnx alloys with various Sn 
compositions were investigated. A detailed study on the wet etching 
characteristics of Ge1−xSnx in ammonia peroxide mixture (APM) was 
performed. Insights into the etching mechanism were provided by examining 
the surface oxide formation using X-ray photoelectron spectroscopy (XPS). A 
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possible mechanism was proposed to explain the etching behavior of Ge1−xSnx 
in APM. In addition, Ge1−xSnx dry etching techniques using chlorine (Cl) and 
fluorine (F) plasma were investigated.  
Next, a Si surface passivation technique was proposed and 
experimentally demonstrated to suppress the dark current (Idark) of a 
Ge0.95Sn0.05-on-Si (Ge0.95Sn0.05/Si) p-i-n photodiode. This technique was fully-
compatible to the complementary metal-oxide-semiconductor (CMOS) 
process. The electrical characterization results showed that the surface leakage 
current density (Jsurf) of the photodetector was suppressed by around two 
orders of magnitude due to the Si passivation.  
Finally, Ge1−xSnx/Si avalanche photodiodes (APDs) were first 
demonstrated for both NIR and MIR photodetection. Infrared photons were 
absorbed by the Ge1−xSnx absorption layer, whereas the photo-generated 
carriers were multiplied within the intrinsic Si multiplication layer. This 
design combines the advantages of the large cutoff wavelength (λc) of 
Ge1−xSnx and the supreme avalanche multiplication properties of Si. Thermal 
coefficient of the APD breakdown voltage (Vbr) was extracted to be ~0.05% 
K−1, which was smaller than that of the APDs with III-V as the multiplication 
material. This indicates that the Ge1−xSnx/Si APD has a less stringent demand 
on temperature stability as compared to the conventional III-V-based ones. In 
addition, the photo-response measurement showed that the optical responsivity 
(Rop) of the photodetector was enhanced due to the internal avalanche 
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Chapter 1  
Introduction 
1.1 Background 
1.1.1 Group IV Photodetectors on Si Substrates 
In the past few decades, enormous efforts have been invested in the 
development of photodetectors working in the near-infrared (NIR, 0.78 – 2 μm) 
and mid-infrared (MIR, 2 – 5 μm) wavelength range [1]-[3]. Traditionally, 
infrared photodetectors were largely based on semiconductor materials such as 
lead salts (PbS, PbSe, and PbTe), mercury cadmium telluride (HgCdTe), and 
group III-V compounds [4]-[30].  
With the advances in silicon (Si) photonics technology, remarkable 
progress has been made in group IV photodetectors on Si substrates [31]-[73]. 
As compared to the traditional infrared photodetectors, the Si-based ones are 
advantageous mainly for two reasons. First, the group IV photodetectors 
fabricated on Si substrates may be monolithically integrated with Si integrated 
circuits (ICs) to achieve large-scale and high-yield opto-electronic integrated 
circuits (OEICs). C. Sun et al. [74] demonstrated a single-chip opto-electronic 
microprocessor which integrates silicon-germanium (SiGe) photodetectors 
with more than 70 million transistors and hundreds of Si photonic devices, as 
shown in Fig. 1.1. A 640 × 480 germanium (Ge) photodetector array was 
integrated with Si ICs by I. Åberg et al. [75], realizing a monolithic Ge-on-Si 
(Ge/Si) NIR image sensor. Second, the group IV photodetectors can be 
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fabricated on large size Si substrates (up to 300 mm) using the well-
established Si complementary metal-oxide-semiconductor (CMOS) process, 




Fig. 1.1. Top-view micrograph of a single-chip opto-electronic microprocessor 
at the receiver site [74]. The microprocessor integrates over 70 million 
transistors and 850 photonic components, e.g. SiGe photodetectors, that work 

















Despite the advantages mentioned above, the application of group IV 
photodetectors is limited by their relatively small light absorption ranges. 
Figure 1.2 shows the room-temperature absorption coefficient (α) versus light 
wavelength (λ) of Si, Ge, and some commonly used III-V semiconductors. 
This figure is replotted from Refs. [76]-[77]. It can be observed that Si is 
almost transparent to photons with λ beyond 1.1 μm. Another group IV 
material, Ge, exhibits an extended absorption range in NIR. However, α of Ge 
decreases drastically near λ = 1.55 μm, due to the direct bandgap (bandgap at 
the Г-point, denoted as Eg,Г) of Ge at around 0.8 eV. It is reported that a 
tensile-strained Ge film has a slightly larger absorption edge of ~1.6 μm [70]-
[73]. However, the improvement is quite small and introducing large tensile-
strain to a Ge film would inevitably increase the process complexity.  
 
Fig. 1.2. Room-temperature absorption coefficient (α) versus light wavelength 
(λ) characteristics of semiconductors commonly used for NIR photodetection 
[76]-[77]. 
















































1.1.2 Why Ge1−xSnx? 
Further extension of the absorption edge of group IV photodetectors 
beyond 1.6 μm is highly desirable for a variety of applications. For example, 
modern optical communication using silica fibers requires NIR photodetectors 
working at the telecommunication bands from 1.26 to 1.675 μm (O – U Band), 
as illustrated in Fig. 1.3. Unfortunately, the existing Ge/Si photodetectors fail 
to cover the U band even with tensile-strain being applied on the Ge film. 
Furthermore, recent progress in hollow-core photonic-bandgap fibers (HPBFs) 
[78] and thulium-doped fiber amplifiers (TDFAs) [79] opens up a new 
communication band near 2-μm wavelength. At this band, it is possible to 
realize the small-attenuation-loss and low-latency optical communication, 
which is very attractive for delay-sensitive applications such as financial 
transactions. Thus, photodetectors with the absorption edge extended into MIR 
region are needed. In addition to the applications in optical communication, 
the NIR and MIR photodetectors are also basic building blocks of image 
sensors for night vision and medical diagnostics [80]-[81], and of infrared 
spectrometers for biological sensing and gas detection [3],[82].  
 
Fig. 1.3. Optical communication bands using conventional silica fibers (O − U 
Band) and the novel band near 2-μm wavelength (denoted as ‘2-μm Band’). 
λ (μm)1.26 1.36 1.55 1.675 1.81 2.04
O E S C L U ‘2-μm Band’ Band Name
Conventional silica fiber HPBF + TDFA
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Germanium-tin (Ge1−xSnx) is a versatile group IV material system 
which has attracted great research attention for both electronic and photonic 
device applications [83]-[122]. The incorporation of Sn atom into Ge lattice 
results in several unique and beneficial properties.  
Both theoretical modelling [92],[123]-[125] and experimental results 
[126]-[131] show that the electronic band structure of Ge could be tuned by 
varying the Sn composition. It is predicted that the electron and hole effective 
masses for Ge1−xSnx decrease with increasing x [123]. Thus, Ge1−xSnx exhibits 
higher electron and hole mobilities than Si and Ge, making it a very promising 
candidate for high mobility channel metal-oxide-semiconductor field effect 
transistors (MOSFETs) in sub-7 nm technology nodes [83]-[95].  
Figure 1.4 shows the electronic band structure diagrams of Ge1−xSnx 
alloys (x = 0.05, 0.11, and 0.20) reported by K. Low et al. [123] using an 
adopted empirical pseudopotential method (EPM). Eg,L and Eg,Г are the 
bandgap energies at the L- and Г-valleys, respectively. Similar to Ge, 
Ge0.95Sn0.05 [Fig. 1.4(a)] is an indirect bandgap material as the conduction 
band minimum (CBM) is located at the L-valley. With increasing x, both Eg,L 
and Eg,Г shrink, but the latter shrinks more. Therefore, Ge1−xSnx becomes a 
direct bandgap material when x exceeds a critical value of 0.11, as shown in 
Fig 1.4(c). Other investigations have shown that the critical Sn composition 
ranges from 0.06 to 0.11 [127]-[132], beyond which the Ge1−xSnx alloy 
transforms from an indirect to a direct bandgap material. This has greatly 
sparked research in developing Ge1−xSnx tunneling FETs (TFETs) [92]-[93] 
and light-emitting devices, such as Ge1−xSnx lasers [100]-[101]. A recent 
breakthrough was achieved by S. Wirths et al. [101], who demonstrated an 
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optically-pumped laser using a direct bandgap Ge0.874Sn0.126 grown on a Si 
substrate.  
 
Fig. 1.4. Electronic band structures of Ge1−xSnx for (a) x = 0.05, (b) x = 0.11, 
and (c) x = 0.20, showing the transition from indirect [Fig. 1.4(a)] to direct 
bandgap [Fig. 1.4(c)] of Ge1−xSnx [123]. Figure 1.4(b) illustrates the critical 
composition of 0.11 where the bandgap energies at L- and Γ-valleys are equal. 
The dashed line indicates the conduction band minimum (CBM) of Ge1−xSnx. 
 
Fig. 1.5. Absorption coefficient versus wavelength (α-λ) characteristics of 
Ge1−xSnx with various Sn compositions. Data is extracted from Ref. [133]. The 
measurement is performed using a spectroscopic ellipsometer at room-
temperature. All the Ge1−xSnx films are fully compressively strained to the 
Ge(100) substrates. With increasing x, the absorption edges of Ge1−xSnx alloys 




































In addition, Ge1−xSnx significantly expands the absorption range, and 
enhances the absorption coefficient of Ge [126]. V. D’Costa et al. [133] 
measured room-temperature absorption coefficients of Ge1−xSnx alloys with 
various Sn contents using spectroscopic ellipsometry, as shown in Fig. 1.5. All 
the Ge1−xSnx films were fully compressively strained to the Ge(100) substrates. 
It can be observed that a Sn composition of around 0.065 extends the 
absorption edge of Ge1−xSnx into MIR region, and the curves shift towards 
longer wavelengths with increasingly larger x. This makes Ge1−xSnx a very 
promising group IV material for NIR and MIR photodetectors.  
Within the last ten years, a few types of Ge1−xSnx photodetectors, e.g. 
photoconductors, p-n and p-i-n photodiodes, have been demonstrated [102]-
[122]. In 2009, J. Mathews et al. [107] first demonstrated a Ge0.98Sn0.02 p-i-n 
photodiode, with the Ge0.98Sn0.02 film directly grown on a Si(100) substrate. 
However, with the absorption edge extended to ~1.75 μm, the detector shows 
a relative high dark current density (Jdark). Subsequently, S. Su et al. [110] 
reported a Ge0.97Sn0.03 p-i-n photodiode with lower Jdark by growing a relaxed 
Ge buffer on Si(100) substrate prior to epitaxy of the Ge0.97Sn0.03 film.  Other 
than using bulk-Ge1−xSnx as the light absorbing layer, M. Oehme et al. [115] 
and A. Gassenq et al. [103] demonstrated the Ge1−xSnx multiple quantum well 
(MQW) photodetectors with x = 0.07 and 0.09, respectively. In 2014, a high 
speed Ge0.958Sn0.042 p-i-n photodiode with a 3 dB bandwidth above 40 GHz at 




1.2 Motivation and Original Contribution of Thesis 
 The key challenges and issues faced in Ge1−xSnx photodetector 
technology, and the original contributions of thesis are discussed in the 
following sections. 
1.2.1 Process Development for Ge1−xSnx Devices: Wet and Dry 
Etching Techniques  
The manufacturing of advanced electronic and photonic devices 
requires a deep understanding on every semiconductor processing technique, 
such as epitaxy, annealing, and etching. Over the past few decades, the 
processing of conventional group IV materials, e.g. Si, SiGe, and Ge, has been 
well-established [134]-[136]. However, the research on Ge1−xSnx material 
system is still in its nascent stage and further process developments are needed 
before Ge1−xSnx can be used for mass-production.  
Epitaxy of Ge1−xSnx alloy was challenging mainly due to the low solid 
solubility of Sn in Ge (x < 0.01) under thermal-equilibrium conditions [137]. 
With such low x, the Ge1−xSnx alloy shows no appreciable advantage over the 
tensile-strained Ge for infrared light absorption. Fortunately, using the non-
equilibrium growth techniques by molecular beam epitaxy (MBE) [138]-[150] 
and chemical vapor deposition (CVD) [151]-[157], Ge1−xSnx alloys with x up 
to 0.34 have been realized. Besides, techniques such as sputtering and solid-
phase epitaxy (SPE) have also been employed to grow Ge1−xSnx [158]-[161]. 
Etching is another critical processing technique for removal of 
materials during device fabrication. However, there are only a few reports 
[162]-[165] on Ge1−xSnx etching. For Ge1−xSnx, etch development severely lags 
behind growth or epitaxy. S. Gupta et al. [163] developed a 
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tetrafluoromethane (CF4) plasma-based dry etching recipe which has a high 
etching selectivity between Ge and Ge0.92Sn0.08. While the etch rate of Ge is 
high using this method, the negligible etch rate of Ge0.92Sn0.08 is due to the 
formation of a thin tinfloride (SnFy) passivation film. Further investigation on 
dry etching process is needed to fabricate Ge1−xSnx micro- and nano-structures 
such as fins, mesas, and nanowires. 
Another etching technique is the wet chemical etching, which has been 
widely used in semiconductor manufacturing industry for decades. R. Cheng 
et al. [162] first developed a wet chemical etching recipe for Ge1−xSnx alloys 
using ammonia peroxide mixture (APM), which consists of hydrogen peroxide 
(H2O2), ammonium hydroxide (NH4OH), and deionized water (H2O). Using 
this method, suspended Ge1−xSnx micro-line structures were fabricated, as 
shown in Fig. 1.6. The APM wet etching method is promising for fabrication 
of Ge1−xSnx devices. For instance, X. Gong et al. [89] utilized this technique to 
realize the Ge0.959Sn0.041 gate-all-around p-MOSFETs. However, the etching 
mechanism of Ge1−xSnx by APM was not clearly understood and needs 
investigation.  
 
Fig. 1.6. Scanning electron microscopy (SEM) image of the suspended 




Therefore, the first part of this thesis work (Chapter 2) investigates wet 
and dry etching processes for Ge1−xSnx alloys. A detailed study on the wet 
etching characteristics of Ge1−xSnx in APM is performed. X-ray photoelectron 
spectroscopy (XPS) and atomic force microscopy (AFM) are used to 
characterize the material properties of the Ge1−xSnx alloys after APM etching. 
In addition, both chlorine (Cl) and fluorine (F) based dry etching processes for 
Ge1−xSnx alloys are investigated. 
1.2.2 Dark Current Suppression of Ge1−xSnx Photodetectors by 
Surface Passivation 
Dark current (Idark) is the leakage current of a photodetector in the dark 
or without illumination. A high Idark increases the noise of a detector, which 
results in degradation of the signal-to-noise ratio (SNR) of the optical receiver 
system. Besides, since photodetectors are normally reverse biased during their 
operation, any leakage current will lead to standby power consumption. 
Therefore, suppressing Idark of a photodetector is critical as it increases SNR 
and lowers power consumption. 
Generally, Idark of a photodetector can be divided into two components: 
the bulk leakage current (Ibulk) and the surface leakage current (Isurf). Figure 
1.7 illustrates the two leakage current paths of a Ge1−xSnx/Si p-i-n photodiode 
under a reverse bias condition. The anode and cathode of the photodiode are 
the p+-Ge1−xSnx and n+-Si layers, respectively. Idark of the Ge1−xSnx/Si 
photodiode can be expressed as 
                 ,dark bulk surf bulk d surf dI I I J A J P= + = ⋅ + ⋅                           (1.1) 
where Jbulk is the bulk leakage current density, Jsurf is the surface leakage 




Fig. 1.7. Cross-sectional schematic of a Ge1−xSnx/Si p-i-n photodiode, with the 
p+-Ge1−xSnx and n+-Si layers as anode and cathode, respectively. Under a 
reverse bias condition, Idark of the photodiode comprises bulk leakage current 
(in blue) and surface leakage current (in red). The arrows indicate leakage 
current directions within the diode. 
For a group IV photodiode heterogeneously fabricated on Si, Jbulk is 
mainly associated with the formation of threading dislocations due to the 
mismatched epitaxy. L. Giovane et al. [40] investigated the correlation 
between the threading dislocation density (TDD) and the Jbulk in a SiGe/Si p-i-
n photodiode. The results showed that Jbulk of the photodiode increased 
linearly with increasing TDD. Thus, suppression of Jbulk can be achieved by 
reducing TDD in the heterogeneous layers. This could possibly be achieved by 
using an optimized growth technique [41] or cyclic annealing process as 
reported by H. Luan et al. [166]. 
Another Idark component of a photodiode is the perimeter-dependent 
surface leakage current. It has been reported by S. Su et al. [110] that Isurf 
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existence of defects at the sidewall surface. Furthermore, the surface leakage 
becomes more significant when the diode area scales down to the dimensions 
needed for focal-plane-array (FPA) applications (30 × 30 µm2 or smaller). In 
addition, regarding to the waveguide photodiodes, the leakage from sidewall 
will be a more dominant dark current component [69], which is due to the 
much larger perimeter-to-area ratio of the waveguide structure. Therefore, a 
surface passivation technique which can effectively passivate the surface 
defects is strongly desired in order to achieve the low-Idark Ge1−xSnx infrared 
photodiodes. 
In the second part (Chapter 3) of this thesis, a CMOS-compatible Si 
passivation technique is proposed and experimentally demonstrated to 
passivate the sidewall surface of Ge1−xSnx/Si p-i-n photodiodes. Current-
voltage characteristics of the photodiodes with and without Si passivation are 
compared. The results show that the Si passivation technique can effectively 
reduce Isurf of the Ge1−xSnx/Si p-i-n photodiodes.  
1.2.3 Demonstration of Ge1−xSnx/Si Avalanche Photodiodes 
Another critical metric of a photodetector is the optical responsivity 
(Rop), which is defined as the ratio of photocurrent (Iphoto) to the incident light 
power (Pin), 









= = =                             (1.2) 
where q is the electronic charge, hPC is the Planck constant, and ν is the light 
frequency. The quantum efficiency (η) is defined as the number of carriers 




Table 1.1. Typical values of multiplication gain and response time for 
common photodetectors [167]. 
Photodetector Multiplication Gain Response Time (s) 
Photoconductor 1 − 106 10−8 − 10−3 
p-n photodiode 1 10−11 
p-i-n photodiode 1 10−10 − 10−8 
Phototransistor  ≈102 10−6 
Avalanche Photodiode 102 − 104 10−10 
 
A photodetector with higher Rop is strongly desired as it can generate 
larger signal current for a fixed Pin. Having internal signal gain can improve 
Rop. Table 1.1 compares typical gain values and response time of some 
commonly used photodetectors [167]. Among all the photodetectors, the 
avalanche photodiode (APD) features both high avalanche multiplication gain 
(M) and fast response speed, making it very promising for applications in 
long-haul fiber-optic communication, single-photon detection, and imaging 












Fig. 1.8. Excess noise factor [F(M)] of APDs with various values of kA, which 
is the impact ionization coefficient ratio between holes and electrons within 
the avalanche multiplication layer. kA should be as small as possible to 
minimize F(M) of an APD. 
One major issue for APD is the excess noise which arises from the 
impact ionization process. The excess noise factor [F(M)] is a measure of the 
increase in shot noise of an APD as compared to an ideal noiseless multiplier. 
According to McIntyre’s theory [168],  
                          
1( ) (2 )(1 ),A AF M k M kM
= + − −                           (1.3)        
where kA is the ratio of impact ionization coefficients for holes (αh) and 
electrons (αe).  The dimensionless parameter kA = αh/αe for materials with αh < 
αe, such as Si and indium gallium arsenide (InGaAs). On the other hand, kA = 
αe/αh if αh > αe, which is the case for indium phosphide (InP) and Ge. In other 
words, kA has a value between 0 and 1. According to Eq. 1.3, the excess noise 
factor for various values of kA is plotted in Fig. 1.8. It can be observed that kA 
should be as small as possible to minimize F(M). 





























Si is one of the optimum choices for APD due to the inherently large 
asymmetry in electron and hole impact ionization coefficients. With a kA value 
of less than 0.1 [77], Si is superior as an avalanche multiplication material 
over other conventional semiconductors, such as InP (0.4 − 0.5) [169]-[170], 
InGaAs (0.5 − 0.7) [77], InAlAs (0.1 − 0.2) [171]-[172], and Ge (0.7 − 1) [77]. 
Besides, a Si APD has additional advantages for the CMOS-compatible 
fabrication process and the ease of integrating with Si ICs. However, Si APD 
is not suitable for light detection beyond λ = 1.1 μm, as shown in Fig. 1.2. 
Significant progress has been achieved through the realization of the 
Ge/Si APDs [56]-[69], which extends the absorption edge of Si APDs beyond 
1.1 μm. Figure 1.9 shows the cross-sectional schematic and scanning electron 
microscopy (SEM) image of a Ge/Si APD reported by Y. Kang et al. [57]. The 
APD is based on a conventional separate-absorption-charge-multiplication 
(SACM) structure, which has been widely used in high-performance 
heterojunction APDs [173]-[175]. During its operation, NIR photons (λ = 1.1 
to 1.6 μm) are absorbed in the i-Ge layer, whereas the photo-generated carriers 
(electrons in this case) are then swept into the i-Si layer where avalanche 
multiplication happens. This design decouples the light absorption and the 
avalanche multiplication processes, making it possible to expand the 




Fig. 1.9. Cross-sectional schematic (a) and SEM image (b) of a Ge/Si APD 
[57]. The APD has a conventional separate-absorption-charge-multiplication 
(SACM) structure, in which photon absorption and carrier multiplication occur 
within the i-Ge and i-Si layers, respectively. 
However, it should be noted that the absorption edge of a Ge/Si APD is 
only ~1.6 μm, which is limited by Eg,Γ of the Ge absorber. As discussed in 
Section 1.1.2, NIR and MIR group IV photodetectors with the detection edge 
beyond 1.6 μm are highly desired for a variety of emerging applications. This 
necessitates the implementation of an absorbing material with a smaller Eg,Γ 
than Ge to further extend the absorption edge of Si APDs. 
Therefore, the third part (Chapters 4 and 5) of this thesis is devoted to 
the technology demonstration of Ge1−xSnx/Si APDs.  In Chapter 4, Si APDs 
with a Ge0.95Sn0.05 absorber with a cutoff wavelength λc [defined as λc = 
1.24/Eg,Г (μm)] of ~1.89 μm are demonstrated. Furthermore, a Ge0.9Sn0.1 
MQW absorber is implemented in Chapter 5. This is the first group IV-on-Si 







Fig. 1.10. Calculated cutoff wavelengths (λc) of Ge1−xSnx/Si APDs with 











































1.3 Thesis Outline 
This thesis includes 6 Chapters. Chapter 1 gives a brief introduction to 
the background and the objectives of thesis. Chapters 2 to 5 document the 
research work done, the results obtained, and the analysis of those results. 
In Chapter 2, a detailed investigation of the wet and dry etching 
processes for Ge1−xSnx is presented. Insights into the APM etching mechanism 
are provided by examining the surface oxide formation using XPS. A possible 
mechanism is proposed to explain the etching behavior of Ge1−xSnx in APM.  
AFM is also used to examine the surface morphology evolution of Ge1−xSnx 
during the wet etching. In addition, Ge1−xSnx dry etching techniques based on 
Cl and F plasma are investigated. 
In Chapter 3, a CMOS-compatible Si surface passivation technique is 
demonstrated for suppressing Idark of the Ge0.95Sn0.05/Si p-i-n photodiodes. 
Electrical and optical characterizations for both of the Si-passivated and non-
passivated photodiodes are carried out. The results show that Jsurf of the 
detector is suppressed by around two orders of magnitude due to the Si 
passivation. In addition, the achieved Jdark of the Si-passivated Ge0.95Sn0.05/Si 
p-i-n photodiode is benchmarked with other reported values from literature.  
In Chapter 4, a Ge0.95Sn0.05/Si APD is demonstrated. The APD 
presented in this chapter makes use of the extended absorption range of 
Ge0.95Sn0.05 over Ge as a NIR absorbing material. The as-grown Ge0.95Sn0.05/Si 
sample is characterized by AFM, X-ray diffraction (XRD), and transmission 
electron microscopy (TEM). In addition, electrical and optical characteristics 
of the APD are presented. The monolithic and CMOS-compatible 
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Ge0.95Sn0.05/Si APD shows promise in a variety of applications where low-cost 
and high sensitivity NIR photodetectors are needed. 
In Chapter 5, a Ge0.9Sn0.1 MQW/Si APD with a cutoff wavelength 
beyond 2 μm is demonstrated. This extends the absorption edge of Si-based 
APDs from NIR to MIR wavelength range. Temperature-dependent Idark 
characteristics of the APD are investigated. In addition, spectral response of 
the APD covering wavelengths from 1510 to 2003 nm is measured.  
The thesis ends with an overall conclusion and a discussion of possible 
















Chapter 2  
Wet and Dry Etching Processes of Ge1−xSnx 
Alloys 
2.1 Introduction 
Germanium-tin (Ge1−xSnx) is being explored as a next-generation 
semiconducting material for high mobility channel metal-oxide-semiconductor 
field-effect transistors (MOSFETs) [83]-[95] in the sub-7 nm technology 
nodes and silicon-based photonic devices, e.g. infrared photodetectors [102]-
[122] and light emitting devices [97]-[101]. To realize the advanced 
nanoelectronic and photonic devices based on Ge1−xSnx, progress has been 
made in the development of processing techniques of Ge1−xSnx, including 
epitaxy [138]-[161], annealing [176]-[179], and ion implantation [180]-[181]. 
However, to the best of our knowledge, there are few studies on the etching of 
Ge1−xSnx [162]-[165], which is critical in forming Ge1−xSnx micro and 
nanostructures such as fins, mesas, and nanowires.  
Generally, there are two classes of etching processes. One is wet 
etching process which uses liquid etchants or chemicals to remove materials 
from wafer. Ammonia peroxide mixture (APM), consisting of hydrogen 
peroxide (H2O2), ammonium hydroxide (NH4OH), and deionized water (H2O), 
has been widely used to remove particle and organic contaminants from Si 
wafer surface since the 1960s [182]. In addition, APM is extensively 
investigated as a wet etchant for silicon-germanium (SiGe) [183]-[186] and 
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germanium (Ge) [187]-[188] materials. Previously, R. Cheng et al. [162] 
reported preliminary results on the selective wet etching of Ge1−xSnx (0.041 < 
x < 0.077) over Ge by APM, which was later used in the fabrication of the 
Ge0.959Sn0.041 nanowire p-MOSFETs [89]. However, the etching mechanism of 
Ge1−xSnx by APM was not clearly understood.  
Another material removal process is dry etching, which uses plasmas 
or etchant gases to remove the substrate material. Dry etching techniques 
using Chlorine (Cl) and Fluorine (F) chemistry are well-established and are 
commonly used for fabrication of semiconductor devices in industry for 
decades. A comprehensive understanding of the dry etching characteristics of 
Ge1−xSnx alloys is of great importance for fabricating advanced Ge1−xSnx 
semiconductor devices. Therefore, a study of the Cl- and F-based dry etching 
techniques for Ge1−xSnx is needed. 
This chapter documents the investigations on the wet and dry etching 
processes for Ge1−xSnx alloys. In Section 2.2, insights into the APM wet 
etching mechanism are provided by investigating the surface oxide formation 
using X-ray photoelectron spectroscopy (XPS). In addition, the evolution in 
the Ge1−xSnx surface morphology during the wet etching is examined by 
atomic force microscopy (AFM). In Section 2.3, Ge1−xSnx etching 
characteristics by both Cl- and F-based dry etching techniques are investigated. 
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2.2 Wet Chemical Etching of Ge1−xSnx using Ammonia 
Peroxide Mixture 
2.2.1 Experiments 
The Ge1−xSnx samples used for this study were grown on 4-inch 
Ge(100) substrates by molecular beam epitaxy (MBE). The Ge substrates were 
cleaned by diluted hydrofluoric acid (DHF) with HF: H2O = 1: 50 by volume 
before being loaded into the load-lock chamber of the MBE system. The 
substrates were then transferred into the growth chamber and annealed at 630 
ºC for 5 minutes to remove the native oxide. After that, the substrate 
temperature was reduced to 100 − 170 ºC for the Ge1−xSnx epitaxy. The base 
pressure of growth chamber was 3 × 10−10 Pa. The Ge and Sn sources were 
99.9999% pure Ge and 99.9999% pure Sn, respectively. The MBE growth was 
done by Dr. Wang Wei at National University of Singapore (NUS). 
 
Table 2.1. Film thickness, critical thickness (for strain-relaxation) [189], and 
peak FWHM value (from HRXRD results shown in Fig. 2.1) of the Ge1−xSnx 
samples with various Sn contents. 
Sn Content x Film Thickness (nm) 




0.042 250 690 0.049 
0.064 150 250 0.084 
0.082 120 150 0.108 
0.108 90 90 0.133 





The Sn composition was varied by adjusting the Sn flux during MBE 
growth. The thickness of Ge1−xSnx was estimated from the growth rate of the 
film, which had been calibrated by cross-sectional transmission electron 
microscopy (XTEM). For x of 0.042, 0.064, 0.082, 0.108, and 0.160, the 
thicknesses are around 250, 150, 120, 90, and 10 nm, respectively, as 
summarized in Table 2.1. All the Ge1−xSnx films are expected to be fully 
strained to the Ge(100) substrates, since the film thicknesses are no thicker 
than the critical thicknesses for strain relaxation as reported in Ref. [189]. 
Figure 2.1 shows the (004) high-resolution X-ray diffraction (HRXRD) scan 
of the Ge1−xSnx samples, with x ranging from 0.042 to 0.160. The X-ray 
wavelength was 1.5405 Å in this measurement. The full width at half 
maximum (FWHM) values of the Ge1−xSnx peaks are listed in Table 2.1. An 
obvious FWHM broadening can be observed for the samples with higher Sn 
content. It should also be noted that the FWHM value is nearly proportional to 
the reciprocal of the Ge1−xSnx film thickness, which is consistent with the 
Scherrer equation [190]. This indicates that the FWHM broadening could be 
mainly attributed to the thinner film thickness of the sample with higher Sn 
content. 
The substitutional Sn composition x was calculated by the deviation-
corrected Vegard’s law 
                    (1 ) (1 ),GeSn Ge Sn GeSna a x a x b x x= − + + −                     (2.1)  
where aGeSn, aGe, and aSn are the lattice constants of Ge1−xSnx, Ge, and α-Sn, 
respectively. bGeSn is a bowing parameter with the value of −0.066 Å [191]. It 
should be noted that the Ge1−xSnx film becomes relaxed if the layer thickness 
is above the critical thickness. This may generate a substantial amount of 
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threading dislocations propagating from the heterointerface through the 
Ge1−xSnx layer. We speculate that these dislocations, if formed, may affect the 
etching properties, e.g. etch rate, of the Ge1−xSnx samples. The previous work 
on the wet etching of SiGe has shown that the formation of dislocations in the 
film increases the etch rate, possibly due to the presence of larger amount of 
active sites which are highly susceptible to attack by the oxidizing species 
[184]. As for the samples in this work, such dislocations are not expected to 
present since all the Ge1−xSnx films are fully-strained to the Ge substrates.   
 
 
Fig. 2.1. HRXRD (004) scans for the Ge1−xSnx samples with different Sn 





                                                          
*  The HRXRD measurement was performed by Mr. Lim Poh Chong at 
Institute of Materials Research and Engineering (IMRE), A*Star. 























Fig. 2.2. Cross-sectional schematics illustrating: (a) epitaxy of Ge1−xSnx on the 
Ge(100) substrate, (b) photoresist (PR) patterning by photolithography, (c) wet 
etching in chemicals, and (d) PR removal using ultrasonic acetone bath and 
followed by the step height measurement. The Ge reference samples were 
etched in the same process. 
Following the XRD characterization, all samples, including Ge(100) 
blanket wafers and Ge1−xSnx-on-Ge(100) samples, were prepared and etched 
using APM, as illustrated in Fig. 2.2. Photolithographically patterned 
photoresist (PR) was formed on all samples. The PR was baked at 115 ºC for 
10 minutes.  Subsequently, all samples were dipped in DHF solution for 30 s 
to remove the native oxide. The samples were immediately immersed in a wet 
etchant at 25 ºC without stirring at different etch times t ranging from 0 to 180 
s. The APM etchant, with a pH value of around 9 − 10, comprises H2O2 
(31wt. %), NH4OH (28 wt. %), and H2O with a volume ratio of 2: 1: 160. To 
avoid aging effects related to chemical, the etchants were prepared right before 


















ultrasonication. The etch depth of the sample was obtained by measuring the 
step height using AFM. 
 
Fig. 2.3. Etch depth h vs. etch time t (h-t) characteristics of (a) Ge and (b) 
Ge1−xSnx samples etched in APM (H2O2: NH4OH: H2O= 2: 1: 160, by volume) 
at 25 ºC. The linear fitting in (a) indicates a constant etch rate for Ge within a 
time period of 180 s. The curve fitting in (b) shows parabolic relations 
between h and t for the Ge1−xSnx samples. 
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2.2.2 Etching Characteristics of Ge1−xSnx in APM 
To investigate the wet etching behavior of the Ge1−xSnx and Ge 
samples in APM solution, the etch depth as a function of time (h-t) was 
measured and plotted in Fig. 2.3. The h of Ge, as shown in Fig. 2.3(a), 
increases linearly with t, indicating a constant etch rate of Ge within a time 
period of 180 s.  By fitting the data points using 
                                                    ,etchh A t= ⋅                                               (2.2) 
the etch rate Aetch of Ge was extracted to be 3.8 ± 0.1 nm/s. The etching 
mechanism of Ge could be as follows: H2O2 is a strong oxidizer that oxidizes 
the Ge surface to form GeO2, which is soluble in aqueous solution [188]. 
When the Ge atoms on the surface dissolved into the solution, underlying Ge 
atoms would be exposed on the surface to the oxidizer solution. This 
oxidation-dissolution process continuously removes the Ge atoms from the 
surface, resulting in the wet etching of the Ge sample. The Ge1−xSnx materials, 
interestingly, show different h-t characteristics as compared to the Ge sample, 
as depicted in Fig. 2.3(b). The data points in Fig. 2.3(b) may be fitted by a 
parabolic relation,  
                                                    .etchh B t= ⋅                                             (2.3) 
It is also observed that when x is increased, the etch depth at a fixed t 
decreases rapidly. Thus, the wet etching of high-Sn-content Ge1−xSnx might be 
problematic for some process steps where high etch rate is desired. On the 
other hand, however, increasing x significantly enhances the etch rate 
selectivity between Ge1−xSnx and Ge, enabling the fabrication of novel 
Ge1−xSnx-based nano- or micro- structures, e.g. Ge1−xSnx nanowires as reported 
in Ref. [89]. For the Ge1−xSnx samples with x = 0.042, 0.064, 0.082, 0.108, and 
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0.160, the values of the fitting parameter Betch are 72.4 ± 6.7, 24.7 ± 2.1, 13.8 
± 0.8, 3.6 ± 0.3, and 1.1 ± 0.1 nm2/s, respectively. Betch is observed to decrease 
with increasing Sn composition.   
To gain more insights into the wet etching mechanism for Ge1−xSnx, 
the etch depth vs. Sn composition characteristics (h-x) are probed further. 
Figure 2.4(a) shows a semi-log plot of h against x for various t. The straight 
lines represent the results of a phenomenological fit using least square 
regression method by the function 
                                            exp( ),etch etchh C D x= ⋅ ⋅                                 (2.4) 
where Cetch and Detch are fitting parameters. Figure 2.4(b) and Figure 2.4(c) 
show the relation of Cetch and Detch, respectively, with time. It is observed that 
Cetch is proportional to t0.5, whereas Detch is independent of t. It should be noted 
that Detch has a negative value, meaning that increasing x in the 0 – 0.16 range 
leads to an exponential decreasing of h at a fixed t. Therefore, the etch depth 
of Ge1−xSnx samples is a function of not only the etch time but also the Sn 
composition. Based on empirical fitting, the function could be expressed as 
                                     ( , ) ' exp( ) ,etch etchh x t C D x t= ⋅ ⋅ ⋅                          (2.5) 
where C’etch and Detch are 15.1 ± 0.7 nm/s0.5 and −0.18 ± 0.01, respectively. 
The possible wet etch mechanism of the Ge1−xSnx in the APM solution shall be 








Fig. 2.4. (a) Etch depth h vs. Sn composition x (h-x) for the Ge1−xSnx samples 
with different etch time t. The fitting of the data points by a phenomenological 
function h = Cetch ∙ exp(Detch ∙ x) gives straight lines. The fitting parameter Cetch 
is proportional to t0.5, as shown in (b). The other fitting parameter Detch is 
independent of t, as indicated in (c). 
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2.2.3 Formation of Sn Oxide and Its Impact on the Etch Rate of 
Ge1−xSnx 
XPS was performed to investigate the formation of surface oxide on 
Ge1−xSnx during wet etching. A blanket or un-patterned Ge0.918Sn0.082 sample 
was cut into seven pieces each having a size of 5 × 5 mm2. The Ge0.918Sn0.082 
samples were then dipped into the DHF solution to remove the native oxide, 
and then immersed into the APM solution for t = 0, 2, 4, 8, 16, 30, and 180 s. 
The samples were then transferred into the XPS chamber immediately after 
the wet etching. Measurement was performed using a VG ESCALAB 220i-XL 
imaging XPS system. Monochromatic aluminum (Al) Kα X-ray (1486.7 eV) 
was employed with the photoelectrons collected at a take-off angle of 90º 
(with respect to the sample surface). Binding energy was calibrated with pure 
nickel (Ni), gold (Au), silver (Ag), and copper (Cu) standard samples by 
setting the Ni Fermi edge, Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 peaks at binding 
energies of 0.00 ± 0.02, 83.96 ± 0.02, 368.21 ± 0.02, and 932.62 ± 0.02 eV, 
respectively. The binding energy of Carbon (C) 1s from adventitious 
hydrocarbon surface contamination was set at 285.0 eV for further charge 
correction. In this work, the XPS data analysis was done using the software 
Thermo AvantageTM [192]. First, Gaussian and Lorentzian line shapes with a 
Shirley background subtraction were used to fit the XPS raw data. After that, 
the normalized peak area was calculated by 
           
0.6
Peak areaNormalized peak area ,
SF TXFN Kinetic energy
=
× ×
            (2.6)     
where SF is the Scofield photoionization cross-sections and TXFN is the 
transmission function of the spectrometer by the manufacturer [193]. 
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The normalized XPS core-level spectra of the Sn 3d5/2 and Ge 3d for 
the Ge0.918Sn0.082 samples with various t are shown in Fig. 2.5(a) and (b), 
respectively. As shown in Fig. 2.5(a), the Sn oxide (Sn-O) peak for the 
Ge0.918Sn0.082 sample without etching (t = 0 s) is not obvious, whereas a strong 
oxide peak can be observed for the one with t = 180 s. It is evident that 
increasing t increases the intensity of the normalized Sn-O peak. From Fig. 
2.5(b), it can be observed that the Ge oxide (Ge-O) peaks (located at ~32.8 eV 
[194]) at various t have very low intensity, and the Ge-O signal does not 
change with increasing t. Given that Ge-oxide dissolves in aqueous solution, 
the oxides of Ge formed during wet etch will not remain on the sample 
surfaces after etch. The detected Ge oxides are attributed to the native oxides 
formed when samples were transferred from the wet chemical workbench to 






Fig. 2.5. Normalized XPS core-level spectra of (a) Sn 3d5/2 and (b) Ge 3d for 
the Ge0.918Sn0.082 samples with different etch time t. Increasing the etch time 
increases the intensity of Sn-oxide signal. However, no obvious change of the 






                                                          




















Fig. 2.6. (a) The ratio of the normalized Sn 3d5/2 peak areas to the sum of the 
normalized Sn 3d5/2 and Ge 3d peak areas [γSntotal/(Sntotal + Getotal)] and (b) the 
ratio of the normalized metallic Sn0 peak area to the sum of the normalized 
metallic Sn0 and Ge0 peak areas [γSn0/(Sn0 + Ge0)] obtained by XPS as function of 
t. Increasing the etch time increases the total Sn composition γSntotal/(Sntotal + 
Getotal), whereas the change of the elemental Sn composition γSn0/(Sn0 + Ge0) is 
insignificant. The red dashed line is a guide for the eyes. 
The change in Sn composition during the wet etching was investigated. 
The total Sn composition [γSntotal/(Sntotal + Getotal)] and elemental Sn composition 
[γSn0/(Sn0 + Ge0)] were calculated from the XPS spectra. The total Sn composition 
is defined as the ratio of the normalized Sn 3d5/2 peak areas (ASn-O + ASn0) to 
the sum of the normalized Sn 3d5/2 and Ge 3d peak areas (ASn-O + ASn0 + AGe-O 
+ AGe0) 










A A A A
γ + = +
                    (2.7) 
where ASn-O, ASn0, AGe-O, and AGe0 are the normalized areas of the Sn-oxide, 
elemental Sn,  Ge-oxide, and elemental Ge peaks, respectively. The elemental 
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Sn composition is the ratio of the normalized metallic Sn0 peak area (ASn0) to 
the sum of the normalized elemental Sn0 and Ge0 peak areas (ASn0 + AGe0) 
                                            00 0 0
0 0
Sn









                                (2.8) 
Figure 2.6(a) shows the total Sn composition obtained by XPS for the 
Ge0.918Sn0.082 sample as a function of t. It is observed that the extended time of 
wet etching results in an obvious increment of γSntotal/(Sntotal + Getotal) from 0.10 to 
0.17. It should be noted that the total Sn atoms comprises elemental and 
oxidized Sn atoms. The concentration of the elemental Sn atoms, as observed 
in Fig. 2.6(b), is a value ranging from 0.10 to 0.13, without showing a 
dependence on t. This indicates that the increment of γSntotal/(Sntotal + Getotal) 
during the wet etching should be attributed to the accumulation of Sn oxides 




Fig. 2.7. (a) The ratio of the normalized Sn-O peak area to the sum of the 
normalized Sn 3d5/2 peak areas (γSn-O/Sntotal) and the ratio of the normalized Ge-
O peak area to the sum of the normalized Ge 3d peak areas (γGe-O/Getotal) 
obtained by XPS as function of etch time t. The γSn-O/Sntotal increases 
significantly with increasing t, whereas no obvious change of γGe-O/Getotal is 
observed. The gray dashed line shows the etch rate Retch vs. t characteristics of 
Ge0.918Sn0.082, which is calculated using the fitted equation between h and t in 
Fig. 2.3(b). (b) Retch as a function of γSn-O/Sntotal. The Retch decreases with 
increasing γSn-O/Sntotal. The data points are fitted by an empirical function Retch = 






















































Two other parameters, γSn-O/Sntotal and γGe-O/Getotal, are defined for 
quantitative analysis of the oxide formation during the wet etching and its 
impact on the etch rate of Ge1−xSnx. γSn-O/Sntotal represents the ratio of the 
normalized Sn-O peak area (ASn-O) to the sum of the normalized Sn 3d5/2 peak 
areas (ASn-O + ASn0) 










                                 (2.9) 
and γGe-O/Getotal is the ratio of the normalized Ge-O peak areas (AGe-O) to the 
sum of the normalized Ge 3d peak areas (AGe-O + AGe0) 










γ =                                 (2.10) 
Figure 2.7(a) shows the γSn-O/Sntotal and γGe-O/Getotal vs. t from the wet-etched 
Ge0.918Sn0.082 samples. The γSn-O/Sntotal increases notably from 0.10 to 0.36 
during the wet etching, whereas no significant change in γGe-O/Getotal is 
observed with t from 0 to 180 s. It should also be noted that γSn-O/Sntotal with t = 
0 s (without being etched) is larger than zero, which could be attributed to the 
native oxide formed in air during sample transfer to the XPS chamber. The 
gray dashed line in Fig. 2.7(a) shows the etch rate Retch of Ge0.918Sn0.082 as a 
function of t. Based on the fitted relation between h and t shown in Equation 
(2.3), Retch could be calculated by 






d B t BdhR
dt dt t
⋅
= = =                     (2.11) 
Retch is shown to decrease with t. Interestingly, it is noted that the decline of 
Retch occurs simultaneously with the increase in γSn-O/Sntotal. Figure 2.7(b) plots 
Retch against γSn-O/Sntotal. The data point with t = 2 s is excluded in Fig. 2.7(b) as 
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the error of t in the experiment could be around ±1 s, and this is expected to 
introduce a significant error for the data points with a shorter etch time. It is 
seen from Fig. 2.7(b) that Retch decreases rapidly with increasing γSn-O/Sntotal and 
the data points are well fitted by an empirical function 
                                          
total0 Sn -O/Sn
(1 ) ,NetchR R γ= × −                                  (2.12) 
where R0 and N are constants with values of 4.2 ± 1.5 nm/s and 7.3 ± 1.4, 
respectively. γSn-O/Sntotal is a value between 0 and 1, and a larger γSn-O/Sntotal 
indicates more Sn oxides are formed at the sample surface. A possible 
mechanism for the wet etching of Ge1−xSnx materials in the etchant is 
discussed as follow. Previous works on the wet etching of Si1-yGey materials 
revealed that etch rate was influenced by the bond dissociation energies of the 
atoms located at sample surface [184]-[185]. The surface atoms with smaller 
bond dissociation energy tend to be etched faster in the etchant. Noting that 
the presence of Sn atoms results in more weaker Ge-Sn bonds, and weaker still 
Sn-Sn bonds at the sample surface (at T = 298 K, the dissociation energies for 
the Ge-Ge, Ge-Sn, and Sn-Sn bonds are 264.4 ± 6.8, 230.1 ± 13, and 187.1 ± 
0.3 kJ/mol, respectively [195]), one straightforward speculation would be that 
increasing the Sn composition enhances Retch of Ge1−xSnx. However, the 
experimental data presented in this work indicate otherwise. In fact, the Sn 
atoms could be oxidized by the H2O2 solution and form the insoluble Sn 
oxides at the sample surface, preventing further oxidation of Ge or Sn atoms 
underneath. Increasing the Sn composition or etch time increases the surface 
coverage of Sn oxides, leading to a decreasing number of Ge atoms exposed to 
the etchant, which results in a rapid lowering of Retch. It should be noted that 
the exact chemical reaction behaviors could be very complex. Therefore, more 
38 
 
detailed investigations, e.g. etching Ge1−xSnx at different H2O2/NH4OH 
concentrations and solution temperatures, are needed to explore the exact 
mechanism for the wet etching. 
 
Fig. 2.8. AFM images of the Ge0.918Sn0.082 surface with the etch time t of (a) 0 
s, (b) 2 s, (c) 4 s, (d) 8 s, (e) 16 s, (f) 30 s, and (g) 180 s. The scan size is 1 × 1 
μm2 for all the samples.  (h) The RMS roughness of the Ge0.918Sn0.082 surface 
as a function of t. The RMS roughness of the sample surface increases with 
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2.2.4 Surface Morphology of Ge1−xSnx after Wet Etching 
AFM was used to examine the change in surface morphology for 
Ge1−xSnx after wet etching in APM. The AFM measurement was performed 
using the model Bruker Dimension IconTM, and the obtained data was 
analyzed by the software NanoScope AnalysisTM. The Ge0.918Sn0.082 samples 
were prepared and etched using the same procedure as discussed in Section 
2.3.2. The AFM measurement was performed using tapping mode with a scan 
size of 1 × 1 μm2.  Figure 2.8(a) − (g) show the AFM images for the 
Ge0.918Sn0.082 samples with t = 0, 2, 4, 8, 16, 30, and 180 s, respectively.  The 
z-axis display range of all the images is set to be −10.4 to 10.1 nm, as 
illustrated on the top of the figure. As shown in Fig. 2.8(g), a substantial 
amount of surface undulations are observed when t = 180 s, indicating the 
roughening of the sample surface with an extended etch time. The root-mean-
square (RMS) roughness of the Ge0.918Sn0.082 surface as a function of t is 
presented in Fig. 2.8(h). An obvious increase in surface roughness is observed 
as t increases. The surface roughening is mainly due to non-uniformity in 
etching rates on the surface. From experimental results, etching for t = 180 s 
removes around 53 nm-thick Ge0.918Sn0.082 film, increasing the surface RMS 
value from 0.87 to 2.87 nm. In contrast, the RMS values of the Ge samples 
only increase slightly from 0.296 to 0.348 nm with the same h of 53 nm. This 
indicates that the formation of Sn-oxide increases the non-uniformity of 
etching, leading to a more severe surface roughening for Ge1−xSnx materials as 
compared to Ge.      
Besides RMS roughness, the surface undulation periods of the 
Ge0.918Sn0.082 samples are characterized by using the section line profiles of the 
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AFM images. The 0.5 μm-long section lines A-A’, B-B’, and C-C’ are 
indicated in Fig. 2.8(a), (f), and (g), respectively. Figure 2.9 shows the section 
line profiles of the Ge0.918Sn0.082 samples for t = 0, 30, and 180 s, with the 
value of every undulation period labeled in the plot. One sees that the height 
of the undulations becomes larger with increasing t. Moreover, the undulation 
periods of the samples with t = 0, 30, and 180 s are 40.6 ± 8.4, 57.4 ± 8.2, and 
82.4 ± 20.6 nm, respectively. This is clearly evident that extending the etch 
time in the etchant not only increases the surface RMS value, but also enlarges 
the surface undulation periods of the Ge1−xSnx samples. Further investigations 
are needed to explore the etchant recipes which can alleviate the degradation 
of surface smoothness during wet etching. 
 
Fig. 2.9. AFM section line profiles of the Ge0.918Sn0.082 surface with (a) t = 0 s, 
(b) t = 30 s, and (c) t = 180 s. The section lines A-A’, B-B’, and C-C’ are 
shown in Fig. 2.8(a), (f), and (g), respectively. The undulation period of the 
Ge0.918Sn0.082 surface is larger for a longer etch time. 
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2.3 Dry Etching Process for Ge1−xSnx Alloys 
2.3.1 Fluorine-based Dry Etching of Ge1−xSnx  
Inductively coupled plasma (ICP) etching of Ge and Ge0.97Sn0.03 in a 
tetrafluoromethane (CF4) plasma was investigated. Photolithographically 
patterned PR was formed on both samples. The PR was baked at 115 ºC for 10 
minutes. After that, both samples were loaded into the ICP chamber for F-
based etching. The RF power (PRF) and the substrate bias power (Pbias) were 
250 W and 200 W, respectively. The chamber pressure was kept at 30 mTorr. 
During the dry etching, F radicals react with Ge atoms to form a volatile 
product, GeF4, which desorbs from the sample surface and is pumped away 
[196]. Therefore, smooth sidewalls and surfaces can be achieved by F-based 
dry etching of Ge, as shown in Fig. 2.10(a).  
As for the Ge0.97Sn0.03, however, the existence of Sn atoms in Ge1−xSnx 
results in the formation of a nonvolatile etch product, SnFy. Typically, there 
are two effects, surface chemical reaction and physical ion bombardment, 
happening simultaneously during the RF plasma etching process. If the 
etching is dominated by chemical reactions and adequate Sn atoms exist at 
Ge1−xSnx surface, a thin SnFy layer could be formed, which prevents Ge1−xSnx 
from further reacting with F radicals. The chemical-reaction-dominated 
etching can be achieved by lowering the PRF and Pbias, and by increasing the 
chamber pressure. S. Gupta et al. [163] investigated the CF4 plasma etching of 
Ge0.92Sn0.08 at a low PRF of 30 W and a high pressure of 700 mTorr. A 
negligible etch rate was observed due to the formation a SnFy passivation layer. 
This leads to a very high etch rate selectivity between Ge and Ge0.92Sn0.08, 




Fig. 2.10. SEM images of (a) Ge and (b) Ge0.97Sn0.03 samples after F-based dry 
etching. The etched region in (a) is much smoother than that in (b). The inset 
of figure (b) shows the enlarged view of the Ge0.97Sn0.03 mesa sidewall. The 
rough mesa sidewalls and etched surfaces of the Ge0.97Sn0.03 sample are due to 
the formation of nonvolatile etch product, SnFy. 
On the other hand, if the impact of physical ion bombardment is 
substantial, the non-volatile SnFy only partially covers the sample surface. 
Thus, the non-uniformity of etching is significantly increased. After a long 
time etching, very rough sidewalls and surfaces are formed, as shown in Fig. 
3.3(b). Therefore, the F-based dry etching is not suitable to etch Ge1−xSnx 
structures, e.g. mesas, fins, or nanowires, due to the formation of non-volatile 










2.3.2 Chlorine-based Dry Etching of Ge1−xSnx  
Cl-based dry etching of Ge1−xSnx was also studied. A Ge0.95Sn0.05 
sample was etched by reactive-ion etching (RIE) in a chlorine (Cl2) plasma. 
The Ge0.95Sn0.05 sample was grown on a Ge/Si(100) virtual substrate. 
Photolithographically patterned PR was formed on the Ge0.95Sn0.05 sample 
surface. The PR was baked at 115 ºC for 10 minutes. After that, the sample 
was loaded into the RIE chamber for Cl-based etching. During dry etching, the 
chamber pressure was fixed at 10 mTorr, PRF was 400 W, and Cl2 gas was 
flowed at 200 sccm.  
Different from the F-based etching, the Cl radicals could react with 
both Ge and Sn atoms located at the sample surface, forming the volatile etch 
products which desorb from the sample surface and are pumped away. After 
that, the underlying Ge and Sn atoms would be exposed on the surface to the 
Cl radicals. This etching process continuously removes the Ge1−xSnx material 
from the sample surface, resulting in a much smoother surface as compared to 
the F-based dry etching where the non-volatile SnFy is formed.  
The XTEM image of the Ge0.95Sn0.05 mesa sidewall is shown in Fig. 
2.11(a). The Ge buffer was also etched in the same condition. The Ge0.95Sn0.05 
and Ge sidewall surfaces are crystalline after etching, as can be seen from the 
high-resolution TEM (HRTEM) images shown in Fig. 2.11(b) and (c), 
respectively. The Ge0.95Sn0.05 mesa has a sidewall angle of around 80°. It 
should be noted that the verticality of an etched structure is critical for some 
device applications, such as the Ge1−xSnx Fin field-effect transistors (FinFETs). 
Thus, it is worth developing the Cl-based dry etching recipes to realize 
Ge1−xSnx structures with different sidewall angles in the future.   
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To conclude, the Cl-based dry etching can be used to etch both 
Ge1−xSnx and Ge materials. Therefore, mesa structures of the Ge1−xSnx 
photodetectors presented in the following chapters are formed by Cl-based dry 
etching. Although progress has been made, it should be noted that the research 
in Cl-based Ge1−xSnx etching is still in its early stage. Further investigations 
are needed to examine the Ge1−xSnx etching characteristics (e.g. etch rate and 
sidewall angle) at various Sn compositions, chamber pressures, substrate 
temperatures, and RF powers.  
 
Fig. 2.11. (a) XTEM image at the sidewall of the Ge0.95Sn0.05 sample after Cl-
based dry etching. HRTEM images show that the surfaces of (b) Ge0.95Sn0.05 
and (c) Ge sidewalls are crystalline.*  
                                                          
* The TEM measurement was performed by Dr. Yang Yi at Data Storage 
















In this chapter, the investigations on wet and dry etching processes for 
Ge1−xSnx alloys are documented. 
As for the APM wet etching, the etch depth of Ge1−xSnx samples was 
observed to depend not only on the etch time but also on the Sn composition. 
Phenomenological fitting of the data points indicate that h is proportional to 
the square root of t, and h decreases exponentially as x increases for a given t. 
The increase in Sn-oxide surface coverage during the wet etching decreases 
the amount of Ge atoms exposed to the etchant, resulting in a decrease in etch 
rate. Finally, surface analyses using AFM show that both the RMS roughness 
and undulation periods of the sample surface increase with increasing t.  
In addition, Ge1−xSnx dry etching techniques using Cl and F plasma 
were investigated. The F-based plasma etching is not suitable for Ge1−xSnx 
materials due to formation of the non-volatile etch product. This may lead to a 
very rough etching surfaces and sidewalls. On the other hand, volatile 
products are formed when Ge and Sn atoms react with the Cl radicals. 
Therefore, smooth Ge1−xSnx sidewalls and surfaces can be achieved by Cl-










Chapter 3  
Suppression of Dark Current in 
Germanium-tin on Silicon p-i-n Photodiode 
by a Silicon Surface Passivation Technique 
3.1 Introduction 
Germanium-tin (Ge1−xSnx) alloy has attracted attention for its potential 
applications in the large-scale monolithic photonic integrated circuits (PICs). 
In the year of 2015, the first demonstration of lasing using a direct bandgap 
Ge0.874Sn0.126 grown on Si substrates was reported [101]. Besides light 
emitting devices, Ge1−xSnx is also promising for realizing infrared 
photodetectors due to its extended absorption range and the enhanced 
absorption coefficient compared to germanium (Ge) [126]. Progress has been 
made in demonstration of Ge1−xSnx-based photodetectors [102]-[122]. 
Ge1−xSnx photodiode with a small Sn composition of 2% is reported to be 
sufficient to cover all the optical communication bands (O band − U band) 
[107]. Further increase of the Sn composition could extend the cutoff 
wavelength of Ge1−xSnx photodiode to the mid-infrared (MIR) range (2 − 5 
µm), which is very attractive for application in the emerging areas as 
discussed in Chapter 1. 
However, as compared to the photodiodes based on Ge or III-V 
materials, Ge1−xSnx photodiode suffers from a much larger dark current (Idark), 
which may increase the power consumption and degrade the signal-to-noise-
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ratio (SNR) of the integrated optical receivers. In general, Idark of the 
photodiode has two components: one is the bulk leakage current (Ibulk) which 
is proportional to the diode area; the other one is the perimeter-dependent 
surface leakage current (Isurf) originating from the surface of mesa sidewall. As 
discussed in Section 1.2.2, a surface passivation technique which can 
effectively passivate the surface defects is strongly desired to achieve the low-
Idark Ge1−xSnx infrared photodiodes. 
In this chapter, a complementary metal-oxide-semiconductor (CMOS) 
compatible Si surface passivation technique is demonstrated for suppressing 
the Idark of Ge0.95Sn0.05/Si p-i-n photodiode. Electrical and optical 
characterization for both of the Si-passivated and non-passivated photodiodes 
were carried out. The results show that the surface leakage current density of 
the detector is suppressed by ~100 times due to the Si passivation. In addition, 
the achieved dark current density (Jdark) of 0.073 A/cm2 at a bias voltage (Vbias) 











3.2.1 Device Design and Material Characterization 
Figure 3.1(a) shows the top view scanning electron microscopy (SEM) 
image of the Ge0.95Sn0.05/Si p-i-n photodiode with a mesa diameter (D) of 40 
μm. The aluminum (Al) top and bottom electrodes of the photodiode are 
isolated by silicon dioxide (SiO2). The cross-sectional schematic of the device 
along dashed line A-A’ is shown in Fig. 3.1(b). A commercially available 
substrate with a customized n+-doped Si layer and an undoped Ge buffer 
already formed on 4-inch Si (100) wafer is used. The n+-Si layer is in situ 
doped with the doping concentration of 2 × 1019 cm−3. The thicknesses of the 
n+-Si layer and the Ge buffer are ~1000 and 350 nm, respectively. A high-
quality Si passivation layer is used to passivate the surface defects at mesa 
sidewall. 
A 360 nm-thick Ge0.95Sn0.05 film was epitaxially grown on the Ge 
buffer by molecular beam epitaxy (MBE) at 170 °C. The MBE growth was 
done by Dr. Wang Wei at National University of Singapore (NUS). The high 
resolution x-ray diffraction (HRXRD) rocking curve of the Ge0.95Sn0.05/Si 
sample at (004) orientation is shown in Fig. 3.2(a). The three peaks (from right 
to left) correspond to Si substrate, Ge buffer and Ge0.95Sn0.05 epitaxial layer. 
The substitutional Sn composition is calculated to be 5% by the same method 
as discussed in Section 2.2. The Ge0.95Sn0.05 film is fully strained to the Ge 
buffer under a biaxial compressive strain of ~0.6%. Figure 3.2(b) shows the 
three dimensional (3D) atomic force microscopy (AFM) image the Ge0.95Sn0.05 
surface with a scan size of 10 × 10 μm2. The root-mean-square (RMS) 
roughness of the sample surface is 1.76 nm. Figure 3.2(c) shows a high 
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resolution transmission electron microscopy (HRTEM) image of the sample at 
the interface region of Ge0.95Sn0.05 and Ge. The single-crystalline Ge and 
Ge0.95Sn0.05 epitaxial layers as well as their high quality interface can be 
observed. 
 
Fig. 3.1. (a) Top view SEM image of the Ge0.95Sn0.05/Si p-i-n photodiode with 
a diameter of 40 μm. (b) Cross-sectional schematic of the photodiode along 



















Fig. 3.2. (a) HRXRD rocking curve of the Ge0.95Sn0.05/Si sample at (004) 
orientation. The XRD measurement was performed by Mr. Lim Poh Chong at 
Institute of Materials Research and Engineering (IMRE), A*Star. (b) 3D AFM 
image of the Ge0.95Sn0.05 surface. (c) HRTEM image of the sample at 
Ge0.95Sn0.05/Ge interface.*  
3.2.2 Key Process Steps 
In this section, the key process steps for fabricating the Ge0.95Sn0.05/Si 
p-i-n photodiodes are presented.  
After epitaxial growth of Ge0.95Sn0.05 by MBE, the sample underwent a 
BF2+ ion implantation process with a dose of 1×1015 cm−2 at 32 keV. 
Subsequently, a rapid thermal annealing at 400 °C for 5 minutes was used to 
form a 60 nm-thick p+-Ge0.95Sn0.05 layer. After that, circular mesas with 
various diameters were patterned by photolithography and formed by Cl-based 
reactive-ion etching (RIE) as discussed in Section 2.3.2. 
                                                          
* The TEM measurement was performed by Dr. Yang Yi at Data Storage 
Institute (DSI), A*Star. 






























Fig. 3.3. Illustration of the Si surface passivation procedure in an UHVCVD 
system.*  
An ultra-high vacuum chemical vapor deposition (UHVCVD) system 
was then used for the Si surface passivation. The passivation process 
comprises three steps as illustrated in Fig. 3.3. Firstly, the Ge0.95Sn0.05 wafer 
was cleaned by diluted hydrofluoric acid DHF (HF: H2O = 1: 50, by volume), 
and then loaded into the UHVCVD load/unload chamber. Secondly, the 
sample was transferred to the native oxide removal chamber, where sulfur 
hexafluoride (SF6) plasma treatment was performed at 320 °C for 50 s to 
remove any residual native oxide. Finally, the growth of Si passivation layer 
was performed in the process chamber using disilane (Si2H6) with a flow rate 
of 10 sccm as the precursor. The substrate temperature was kept at 370 ˚C 
throughout the entire Si growth process. A high quality Si layer with several 
monolayers-thick was grown [87]-[88],[90]-[91]. Further investigation is still 
needed to confirm the actual thickness and the crystallinity of the Si 
                                                          












1:  Clean by DHF 
2:  SF6 plasma treatment
3:  Surface Passivation
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passivation layer on the Ge0.95Sn0.05 mesa sidewall. For the control device 
without Si passivation, the second and third steps were skipped.  
Right after the Si passivation process, the samples were capped by a 
thin SiO2 film (~16 nm-thick) using a magnetron sputtering system, and then 
transferred to an inductively coupled plasma chemical vapor deposition 
(ICPCVD) chamber for the subsequent deposition of another 280 nm-thick 
SiO2 layer. The SiO2 film with a total thickness of ~300 nm was used for 
electrode isolation and light anti-reflection. After that, the contact region was 
opened by dry etching followed by wet etching (using DHF) to avoid overetch 
of the p+-Ge0.95Sn0.05 layer. Finally, a 300-nm-thick Al film was deposited by 
sputtering, and then patterned and etched to form the top and bottom 
electrodes of the photodiodes.  
 
Fig. 3.4. Idark-Vbias characteristics of the Ge0.95Sn0.05/Si p-i-n photodiodes (a) 
with and (b) without Si passivation. The diameter D of the photodiode ranges 
from 20 to 70 μm. 
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3.3 Results and Discussion 
3.3.1 Electrical Characteristics of the Ge0.95Sn0.05/Si p-i-n 
Photodiodes 
In this section, current-voltage measurements were carried out to 
investigate the impact of Si surface passivation on the Idark of the 
Ge0.95Sn0.05/Si p-i-n photodiodes. The Idark-Vbias characteristics of the 
photodiodes with and without Si passivation are shown in Fig. 3.4(a) and (b), 
respectively. The mesa diameter ranges from 20 to 70 μm. All the electrical 
measurements were performed at room temperature unless stated otherwise. It 
was observed that Idark of the Si-passivated devices were suppressed by around 
one order of magnitude compared to those without Si passivation at Vbias = −1 
V. Idark of the Si-passivated devices with the diameter of 20, 30, and 40 μm at 
−1 V were 0.25, 0.52, and 0.92 μA, respectively. It should be noted that Idark of 
less than 1 μA is generally considered as an acceptable value for a high-speed 
optical receiver design, below which the trans-impedance amplifier (TIA) 
noise becomes the main noise source [55]. Therefore, the low-Idark 
Ge0.95Sn0.05/Si p-i-n photodiode achieved in this work shows promise for the 
future high-speed electronic-photonic integrated chips. 
Further analysis of Idark was carried out by separating the current into 
two components: the bulk leakage current which is proportional to the diode 
area and the perimeter-dependent surface leakage current. The dark current 
density Jdark of the photodiode can be expressed as 






= +                                      (3.1) 
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where Jbulk and Jsurf are the bulk and surface leakage current density, 
respectively. Figure 3.5(a) presents the Jdark against 1/D characteristics for the 
Ge0.95Sn0.05/Si p-i-n photodiodes biased at −1 V, where D varies from 20 to 70 
μm. Jbulk and Jsurf of the passivated and non-passivated photodiodes can be 
extracted by linearly fitting the data points in this plot. The calculated Jsurf of 
the photodiodes with and without Si passivation are 1.1×10−5 and 1.04×10−3 
A/cm, respectively, which shows that the Jsurf of the device is suppressed by 
~100 times of magnitude by the Si surface passivation. This could be 
explained by the following mechanism. The mesa formation step by RIE leads 
to abrupt termination of the periodic structures of lattice. This creates 
substantial amount of dangling bonds at the mesa sidewall, which results in 
the interface traps at the Ge0.95Sn0.05/oxide or Ge/oxide interface. These traps 
may introduce energy levels in the forbidden gap, leading to leakage current 
along the mesa sidewall. Previous works on the Si passivation of metal-oxide-
semiconductor field-effect transistors (MOSFETs) and MOS capacitors have 
shown that the introduction of a Si passivation layer helps in reducing the 
semiconductor/oxide interface traps [197]-[198].  
As for the Ge0.95Sn0.05/Si p-i-n photodiode, the Si passivation layer 
could effectively passivate the dangling bonds at the mesa sidewall, resulting 
in the reduction of density of interface traps at the Ge0.95Sn0.05/oxide or 
Ge/oxide interface. Therefore, Isurf of the Ge0.95Sn0.05/Si p-i-n photodiode was 
suppressed. As shown in Fig. 3.5(a), it should also be noted that Jbulk of the 
passivated and non-passivated devices are similar with an extracted value 
around 0.06 A/cm2. This could be attributed to that the sub-370 °C process 
temperature during the Si passivation is not sufficient to reduce the threading 
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dislocations at the bulk region, which are considered as the main source for 
bulk leakage current of the photodiodes [40]. 
 In order to gain additional insights into the leakage current, an 
activation energy analysis of the passivated and non-passivated Ge0.95Sn0.05/Si 
p-i-n photodiodes (D = 20 μm) has been performed. The Idark can be modeled 
using 
                                         3/2 2( 1),
a biasE qV
kT kT
darkI BT e e
−
= −                           (3.2) 
where B is a constant, T is the temperature, k is Boltzmann constant, and Ea is 
the activation energy. Figure 3.5(b) shows the logarithm of the measured dark 
current ln(Idark/T3/2) as a function of 1/kT for the photodiodes biased at −1 V. 
The measurement temperature ranges from 280 to 335 K with a step of 5 K. 
Linear fitting of the data yields a gradient corresponding to the activation 
energy. The extracted Ea of the Si-passivated photodiode is 0.304 eV, which is 
around half of the bandgap (at L-valley) of Ge0.95Sn0.05 (Eg,L ≈ 0.6 eV [199]) 
or Ge (Eg,L ≈  0.66 eV). This indicates that Idark of the Si-passivated 
photodiode is dominated by the Shockley-Reed-Hall (SRH) [200]-[201] 
process via deep-level traps in the forbidden gap of Ge0.95Sn0.05 and Ge. The 
studies on relaxed Ge0.3Si0.7 on Si heterostructures have revealed a linear 
correlation between deep-level trap density and threading dislocation density 
(TDD), indicating that the trap is most likely associated with the core of 
threading dislocations in these heterostructures [202]-[203]. As for the 
Ge0.95Sn0.05/Si heterostructure in this work, a high density of threading 
dislocations through the Ge buffer and Ge0.95Sn0.05 epitaxial layer is expected 
due to the large lattice mismatch between Ge and Si. Therefore, the obtained 
Ea of the Si-passivated photodiode should be associated with the threading 
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dislocations at the bulk region due to the mismatched epitaxy. On the other 
hand, Ea of the non-passivated photodiode is 0.142 eV, which is much smaller 
than half of the bandgap of Ge0.95Sn0.05 or Ge. As can be calculated based on 
the parameters extracted from Fig. 3.5(a), Idark of the non-passivated 
photodiode is dominated by the surface leakage current, which indicates that 
the high-density surface traps, rather than the deep-level traps at the bulk 
region, are the dominating factor for Idark. Therefore, the observation of Ea << 
Eg,L/2 could be possibly due to the shallow traps caused by the surface defects 
at mesa sidewall. Similar experimental result has also been observed from the 










Fig. 3.5. (a) Jdark vs. 1/D characteristics of the Ge0.95Sn0.05/Si p-i-n photodiodes 
biased at −1 V. (b) Plot of ln(Idark/T3/2) vs. 1/kT for the photodiodes at −1 V. 
The extracted activation energies of the photodiodes with and without Si 
passivation are 0.304 eV and 0.142 eV, respectively. 
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Figure 3.6 presents the benchmarking of Jdark of Ge1−xSnx/Si p-i-n 
photodiodes obtained in this work with other reported values [107]-[116] at 
Vbias = −1 V. Jdark of the Si-passivated Ge0.95Sn0.05/Si p-i-n photodiode with D 
= 40 μm is 0.073 A/cm2, which is comparable to that of the reported Ge/Si p-i-
n photodiodes with typical values in the range of 0.01 − 0.10 A/cm2 [205]. It 
should also be noted that for Ge1−xSnx photodiodes, a higher Sn composition 
generally leads to a larger leakage current due to its relatively smaller bandgap. 
Jdark of Ge0.95Sn0.05/Si p-i-n photodiode achieved in this work is among the 
lowest values for Ge1−xSnx/Si photodiodes despite the fact that its Sn 
composition is higher than most of the other reported devices. This indicates 
the high quality of the materials grown and the effectiveness of the Si surface 
passivation technique in suppressing Jdark. In addition, Jdark of the Si-
passivated Ge0.95Sn0.05/Si photodiode is compared with those of the III-V p-i-n 
photodiodes from literatures [20]-[27], as summarized in Table 3.1. The direct 
bandgaps Eg,Γ (bandgap at Γ-valley) of the light absorbing materials are 
calculated based on Refs.[199],[206]-[207]. One sees that Jdark of the indium 
gallium arsenide (InGaAs) and indium gallium arsenide antimonide 
(InGaAsSb) infrared p-i-n photodiodes are smaller as compared to the one 
obtained in this work. The higher Jdark of the Ge0.95Sn0.05/Si photodiode could 
be possibly due to the larger TDD at the diode junction, which correlates 
directly with the bulk leakage current of a p-i-n photodiode [40]. It should be 
possible to further suppress Jdark of the Ge1−xSnx/Si photodiodes by optimizing 
epitaxial growth of Ge buffer, and/or cyclic annealing the Ge/Si virtual 




Table 3.1. Room-temperature Jdark of the Ge0.95Sn0.05/Si p-i-n photodiode obtained in this work and the III-V ones from literatures. 
Reference Light Absorbing Material  
Eg,Γ (eV)  







@ Vbias = −1 V 
[20] In0.53Ga0.47As 0.74a InP Yes 1.2 × 10−7 
[21] In0.71Ga0.29As 0.57a InP No 1.3 × 10−4 @ 274 K 
[22] In0.78Ga0.22As 0.51a InP No 6.4 × 10−4 @ 293 K 
[23] In0.82Ga0.18As 0.48a InP No 7.4 × 10−3 
[24] In0.13Ga0.87As0.11Sb0.89 0.58b GaSb Yes 1.6 × 10−2 
[25] In0.18Ga0.82As0.16Sb0.84 0.54b GaAs No 2.7 × 10−2 
[26] In0.24Ga0.76As0.21Sb0.79 0.48b GaSb Yes 4.1 × 10−3 
[27] In0.28Ga0.72As0.25Sb0.75 0.45b GaSb Yes 5.9 × 10−3 
This work Ge0.95Sn0.05 0.66c Si No 7.3 × 10−2 




Fig. 3.8. Benchmarking of dark current density Jdark of Ge1−xSnx/Si p-i-n 
photodiodes at Vbias = −1 V. 
 
Fig. 3.9. Illustration of the photo-response measurement system. The light 
source comprises three separate distributed feedback laser diodes (DFB-LDs) 
at 1742, 1877, and 2003 nm, one LD mount, LD driver, and thermoelectric 
cooler (TEC) controller.  The light source in this system could be replaced by 
a compact tunable laser at 1510 − 1630 nm for measuring at shorter 
wavelengths. 
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3.3.2 Photo-response Characteristics of the Ge0.95Sn0.05/Si p-i-n 
Photodiodes 
Optical characterization of the Ge0.95Sn0.05/Si p-i-n photodiodes was 
performed. The infrared photo-response measurement setup is illustrated in 
Fig. 3.7. The light source comprises three distributed feedback laser diodes 
(DFB-LDs) at 1742, 1877, and 2003 nm, one LD mount, LD driver and 
thermoelectric cooler (TEC) controller. The integrated TEC enables the 
precise temperature control of DFB-LDs for wavelength stability. The light 
source in this system could be replaced by a compact tunable laser at 1510 − 
1630 nm for measuring at shorter wavelengths. An X-Y-Z controller was used 
to adjust the position of the single mode (SM) fiber so that the light could 
vertically illuminate the active region of the photodiode. The incident light 
power (Pin) was measured by a laser power meter from the fiber tip. Current-
voltage characteristics of the device-under-test (DUT) were recorded by a 
semiconductor device analyzer. 
Photo-response characteristics of the Ge0.95Sn0.05/Si p-i-n photodiodes 
with and without Si passivation are shown in Fig. 3.8(a) and (b), respectively. 
Pin is fixed at 0.25 mW. Both of the two photodiodes show obvious response 
to light signals from 1550 to 1877 nm. The optical responsivity (Rop) of a 
photodiode can be calculated using the equation 





=                                          (3.3) 
where Itotal is the total reverse current of the photodiode under light 
illumination. At Vbias = −1 V, the Si-passivated Ge0.95Sn0.05 p-i-n photodiode 
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has the Rop of 0.178, 0.067, 0.035, and 0.017 A/W at 1550, 1630, 1742, and 
1877 nm, respectively. 
 
Fig. 3.8. Photo-response characteristics of the Ge0.95Sn0.05/Si p-i-n photodiodes 
(a) with and (b) without Si passivation. The light wavelength λ ranges from 
1550 to 1877 nm. The incident light power is fixed at 0.25 mW. 
 
Fig. 3.9. Wavelength-dependent responsivity of the Ge0.95Sn0.05/Si p-i-n 
photodiodes at Vbias = −1V. 
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Spectral responsivity of the Ge0.95Sn0.05/Si p-i-n photodiodes at 1510 − 
1877 nm is depicted in Fig. 3.9. Negligible change was observed for the 
photodiodes with and without Si passivation. This was as expected since the Si 
passivation process only passivated the surface defects at the mesa sidewall 
and did not affect the material quality of the Ge0.95Sn0.05 bulk region where 
electron-hole pairs were generated and transported. Considering that Idark of 
the Ge0.95Sn0.05/Si p-i-n photodiode was effectively suppressed by Si 
passivation, the SNR of the detector could be substantially improved. In 
addition, the photodiode could respond to light signals from S band to U band 
as shown in Fig. 3.9, indicating the coverage of entire optical communication 
bands. By increasing the Sn concentration, the cutoff wavelength of the 
photodiode could be extended even further to the MIR range where many 
emerging areas in biology and sensing are envisaged. It should be noted that as 
the Sn concentration becomes much higher, the Sn segregation and clustering 
may happen during the passivation process at 370 ºC. Therefore, further 
optimizations of the Si passivation process, e.g. decreasing the process 
temperature and using a two-step growth method [91], are needed for the high 









In this chapter, Idark suppression of the Ge0.95Sn0.05/Si p-i-n photodiode 
using a Si surface passivation technique was demonstrated. The Si surface 
passivation effectively passivates surface defects located at the mesa sidewall. 
It is observed that Jsurf of the diode is reduced by around two orders of 
magnitude due to the sidewall surface passivation. Ge0.95Sn0.05/Si p-i-n 
photodiode with a Jdark of 0.073 A/cm2 at Vbias = −1 V is achieved. 
Temperature-dependent current-voltage measurement is performed for the Si-
passivated and non-passivated photodiodes, from which the activation 
energies of Idark are extracted to be 0.304 eV and 0.142 eV, respectively. When 
biased at −1 V, the Si-passivated photodiode shows optical responsivities of 
0.178, 0.067, 0.035, and 0.017 A/W at λ = 1550, 1630, 1742, and 1877 nm, 
respectively. The presented Si passivation technique shows promise for the 
monolithically-integrated Ge1−xSnx/Si infrared optical receivers and image 













Chapter 4  




In Chapter 3, near-infrared (NIR) germanium-tin on silicon 
(Ge0.95Sn0.05/Si) p-i-n photodiodes with low dark current (Idark) were 
demonstrated. While p-i-n photodiodes show promise in many applications, 
they are not suitable for photodetection under low-light-level conditions. As 
compared to p-i-n photodiodes, avalanche photodiodes (APDs) provide 
significant improvement in detector sensitivity due to the internal carrier 
multiplication mechanism [77].  Thus, APDs are widely used in areas such as 
single-photon counting, long-haul fiber-optic communication, and image 
sensing, where very sensitive photodetectors are needed.  
However, APD suffers from ‘excess noise’ arising from the stochastic 
nature of the impact ionization process. According to the McIntyre’s theory 
[168], a multiplication material with smaller kA is desirable for achieving 
lower excess noise in APD. kA is the effective impact ionization coefficient 
ratio between holes and electrons, as discussed in Section 1.2.3. 
Si is known for its low kA value (kA < 0.1) [77], which makes it 
superior as the carrier multiplication material over the traditional III-V 
compound semiconductors such as InP (kA ≈ 0.4 − 0.5) [169]-[170], InGaAs 
(kA ≈ 0.5 − 0.7) [77], and InAlAs (kA ≈ 0.1 − 0.2) [171]-[172]. However, Si 
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APD is not suitable for detecting light signals beyond 1.1 μm, and this limits 
its application in NIR photodetection. To solve this problem, a germanium (Ge) 
absorbing layer has been implemented on Si to form both vertically-
illuminated [56]-[66] and waveguide-integrated [67]-[69] Ge-on-Si (Ge/Si) 
APDs. This design combines the relatively smaller bandgap of Ge and the 
favorable multiplication properties of Si. However, since the direct bandgap 
(bandgap at the Γ-valley, denoted as Eg,Γ) of Ge is around 0.8 eV, the 
absorption coefficient for Ge decreases drastically at wavelengths above 1.55 
μm. Although tensile-strained Ge could slightly extend the detection limit to 
around 1.6 μm [70]-[73], the absorption at this wavelength range is still low. 
In addition, introducing a large tensile strain to Ge would inevitably increase 
the process complexity.   
This chapter extends our research on Ge1−xSnx/Si p-i-n photodetector to 
the development of a more sensitive APD structure. The Ge0.95Sn0.05/Si APD 
presented here makes use of the extended absorption range of Ge0.95Sn0.05 over 
Ge as a NIR absorbing material. The design, fabrication, and characterization 
of the Ge0.95Sn0.05/Si APD are discussed in this chapter. The monolithic and 
CMOS-compatible Ge0.95Sn0.05/Si APD shows promise in a variety of 










Fig. 4.1. (a) Top view SEM image of a Ge0.95Sn0.05/Si APD with a diameter of 
100 μm. (b) Cross-sectional schematic of the APD along the dashed line A-A’ 
shown in (a). This device is based on the conventional separate-absorption-
charge-multiplication (SACM) structure. (c) The calculated hc-x and λc-x 
characteristics of a bulk-Ge1−xSnx film grown on a Ge(100) substrate. 
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4.2 Device Design and Fabrication 
4.2.1 Working Principle of the Ge0.95Sn0.05/Si APD 
The top view scanning electron microscopy (SEM) image of the as-
fabricated Ge0.95Sn0.05/Si APD with a mesa diameter (D) of 100 μm is 
presented in Fig. 4.1(a).  The top and bottom electrodes are isolated by SiO2. 
In the active region of the APD, the SiO2 capping also works as an anti-
reflection layer. The cross-sectional device schematic along dashed line A-A’ 
is shown in Fig. 4.1(b). The Ge0.95Sn0.05/Si APD is based on a conventional 
separate-absorption-charge-multiplication (SACM) structure [173]-[175], in 
which photon absorption and carrier multiplication occur in the i-Ge0.95Sn0.05 
layer and i-Si layer, respectively. The p-Si charge layer in the SACM structure 
is used to adjust the internal electric field within the APD to ensure that the 
avalanche process occurs in the Si multiplication layer [43],[58],[63]. To 
reduce the lattice mismatch between Ge0.95Sn0.05 and Si, a high quality Ge 
layer is grown as a buffer prior to the epitaxy of Ge0.95Sn0.05 film. The Ge 
buffer is under a slightly tensile-strain with a value of 0.17% based on the 
high-resolution X-ray diffraction (HRXRD) results, which will be discussed 
later. 
The thickness (tGeSn) and Sn content (x) of the bulk-Ge1−xSnx layer are 
the most critical parameters for the APD. These two parameters determine the 
cutoff wavelength (λc), and substantially affect the optical responsivity (Rop) 
and Idark of the Ge1−xSnx/Si APD. Increasing x increases λc of the Ge1−xSnx layer 
according to  
                       2, ( ) 0.798 2.967 2.224 ,gE x x xΓ ≈ − +                         (4.1) 
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=  (μm),                                        (4.2) 
where the Ge1−xSnx layer is fully-strained to a Ge(100) substrate [199]. The λc-
x characteristics of a Ge1−xSnx film are plotted in Fig. 4.1(c). In addition, a 
thicker Ge1−xSnx layer is preferred to enhance the quantum efficiency (η) of the 
light absorption layer as  
                                               1 exp( ),GeSnth α= − −                                      (4.3) 
where α is the absorption coefficient [77]. However, once tGeSn exceeds the 
critical thickness hc (for plastic-relaxation) of Ge1−xSnx, threading dislocations 
may be generated from the Ge1−xSnx/Ge interface. This should be avoided 
since a higher threading dislocation density (TDD) may lead to a larger Idark of 
the photodiode [40]. hc of a bulk-Ge1−xSnx film grown on Ge(100) by 
molecular beam epitaxy (MBE) could be estimated by the People and Bean (P-
B) model [189],[208]-[209] 
                                 
2
2












                  (4.4) 





=                                         (4.5) 
νP is the Poisson ratio of Ge1−xSnx, which is calculated as the linear 
interpolation between that of Ge [210] and that of α-Sn, using the elastic 
constants values for α-Sn: C11 = 72.5 GPa and C12 = 29.7 GPa [211]. bv is the 
Burger’s vector magnitude (~0.4 nm). aGeSn and aGe are the lattice constants of 
Ge1−xSnx and Ge, respectively. The hc-x characteristics of a Ge1−xSnx film are 
also plotted in Fig. 4.1(c). 
 The APD in this work features a Ge0.95Sn0.05 absorption layer with λc ≈ 
1.89 μm, covering the conventional fiber-optic communication bands and 
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some important absorption lines of gases, e.g. H2S (1590 nm), CH4 (1654 nm), 
and H2O (1877 nm) [212]. Based on the P-B model, hc of the Ge0.95Sn0.05 film 
is around 400 nm. Therefore, a 360-nm thick Ge0.95Sn0.05 was grown to avoid 
strain-relaxation.  
It should be noted that the Ge0.95Sn0.05 film is grown on a 350 nm-thick 
high-quality Ge buffer, instead of directly on Si, to improve the crystalline 
quality of the Ge0.95Sn0.05 film as reported by S. Su et al. [146]. A better 
quality Ge1−xSnx film with fewer defects is expected since the large epitaxial 
mismatch between Ge1−xSnx and Si has been greatly reduced through the Ge 
buffer layer [110]. Below the Ge buffer, one lightly p-type doped Si charge 
layer and one undoped Si multiplication layer are implemented, which are 
commonly used for the Si-based SACM APDs [56]-[65]. The thickness and 
doping concentration of the n+-Si contact layer are ~1000 nm and 2 × 1019 
cm−3, respectively. High doping concentration in the contact layer is preferred 
to reduce the contact resistance between the Al electrode and the diode. This 
may decrease the resistance-capacitance (RC) delay of the photodiode, 
resulting in a high-speed Ge0.95Sn0.05/Si APD with larger 3dB bandwidth. 
Nevertheless, this work focuses on technology demonstration of the 
Ge0.95Sn0.05/Si APD, and the characterization of its static performances, e.g. 
Rop and Idark. Further investigation is needed to optimize the devices for high-
speed applications, as discussed in Chapter 6. To calculate the avalanche gain 
of the APD, a reference device, Ge0.95Sn0.05/Si p-i-n photodiode, is designed 
using the same layer structure as the APD, except that the p-i-n photodiode 
does not have the charge layer and the multiplication layer. 
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The band diagram of the Ge0.95Sn0.05/Si APD is shown in Fig. 4.2 to 
further illustrate the device working principle. As shown in Fig. 4.2(a), NIR 
photons are absorbed in the i-Ge0.95Sn0.05 layer, resulting in generation of 
electron-hole pairs in the absorption layer. The photo-generated electrons then 
drift to the Si multiplication layer in a reverse bias condition. When the 
electric field within the Si multiplication layer is sufficiently large, the photo-
generated electrons acquire enough energy to produce new electron-hole pairs 
by impact ionization. The secondary electrons can be further ionized to 
generate new electron-hole pairs, as shown in Fig. 4.2(b). The internal 
avalanche multiplication gain is thus realized. 
  
Fig. 4.2. Band diagram of the Ge0.95Sn0.05/Si APD at working bias condition. 
(a) Photons are first absorbed in the Ge0.95Sn0.05 absorption layer, and then 
generate electron-hole pairs. (b) After that, the photo-generated electrons are 


















Fig. 4.3. Key process steps for fabricating the Ge0.95Sn0.05/Si APD and p-i-n 
photodiode. The starting substrate for the APD comprises Ge buffer, Si 
charge, multiplication, and n+-contact layers on a Si (100) wafer. The starting 
substrate for the reference p-i-n device is similar, and the only difference is 
that it does not have the charge and multiplication layers.  
4.2.2 Fabrication of the Ge0.95Sn0.05/Si APD 
The key process steps employed to fabricate the Ge0.95Sn0.05/Si APD 
are illustrated in Fig. 4.3. Commercially-available wafers with customized Si 
layers and Ge buffer already formed on 4 inch high resistance Si (100) 
substrates were used for fabrication of the APD and its reference device. 
Unlike the APD, the reference device does not have the multiplication layer 
and charge layer. The Ge0.95Sn0.05 film with thickness of ~360 nm was grown 
on the purchased Ge/Si(100) virtual substrates by MBE at 170 °C. The MBE 
growth was done by Dr. Wang Wei at National University of Singapore. The 
substitutional tin composition of 5% was confirmed by X-ray diffraction 
(XRD).  
After the MBE growth, a p-type contact layer was then formed by BF2+ 
ion implantation (energy: 32 keV, dose: 1 × 1015 cm−2) and rapid thermal 
Epitaxial growth of Ge0.95Sn0.05 layer on the purchased 
Ge/Si(100) virtual substrate by MBE
SiO2 deposition (~300 nm)
Mesa formation by patterning and Cl-based dry 
etching
Process Flow
Al deposition by Sputtering (~300 nm)
Low-temperature Si2H6 surface passivation 
Contact region opening by patterning and etching
Al electrodes formation by patterning and dry etching
BF2+ implantation (Energy: 32 keV, Dose: 1E15 cm−2 ) 
and activation (400 °C for 5 minutes)
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annealing (RTA) at 400 °C for 5 minutes. Mesa structures with various 
diameters were formed by the Chlorine-based reactive-ion etching (RIE) as 
discussed in Section 2.3.2. The mesa height was ~1.6 μm with an intentional 
0.3 μm overetch into the n+-Si contact layer. The sample was then loaded into 
an ultra-high vacuum chemical vapor deposition (UHVCVD) system for 
native oxide removal by sulfur hexafluoride (SF6) plasma treatment and 
370 °C Si passivation to form a high quality and ultra-thin Si surface 
passivation layer [87]-[88],[90]-[91]. The surface passivation was done by Dr. 
Zhou Qian at National University of Singapore. The device fabrication process 
was finished by SiO2 deposition, contact region opening, and Al electrode 
formation, as presented in Section 3.2.3. The reference device, Ge0.95Sn0.05/Si 
p-i-n photodiode, was also fabricated in the same process. 
 
Fig. 4.4. 2D AFM images of the sample surface (a) before and (b) after 
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4.3 Results and Discussion 
4.3.1 Material Characterization 
Surface roughness of the sample before and after Ge0.95Sn0.05 epitaxy 
was characterized by atomic force microscopy (AFM). As shown in Fig. 4.4(a) 
is the two-dimensional (2D) AFM image of the Ge/Si(100) sample surface. 
Another AFM measurement was performed on the Ge0.95Sn0.05 surface after 
the MBE growth, with the result shown in Fig. 4.4(b). The AFM scan size was 
10 × 10 μm2. The root-mean-square (RMS) roughness of the Ge buffer was 
1.62 nm. The RMS roughness increased to 1.97 nm after epitaxy of a 360 nm-
thick Ge0.95Sn0.05 film.  
Following the surface characterization, strain-condition as well as 
substitutional Sn composition of the Ge0.95Sn0.05/Si sample were probed by 
high resolution XRD (HRXRD). The X-ray wavelength was 1.5405 Å in this 
measurement. As shown in Fig. 4.5(a) is the (004) HRXRD scan of the as-
grown Ge0.95Sn0.05 sample. Three separate peaks corresponding to Si substrate, 
Ge buffer, and Ge0.95Sn0.05 epitaxial film (from right to left) are observed, with 
the full width at half maximum (FWHM) values of 0.029, 0.075, and 0.073 
degree, respectively. The FWHM broadening of Ge0.95Sn0.05 and Ge films as 
compared to the Si substrate could be attributed to the thinner film thickness 
[190] as well as the generation of threading dislocations [213]. It should be 
noted that the quality of the Ge0.95Sn0.05 layer is limited by the defect density 
of the Ge buffer. A low-TDD Ge buffer is desired to improve the defectivity 
of the Ge0.95Sn0.05 film, which lowers the bulk leakage current of the 
photodetector. This can be achieved by using the cyclic annealing method 
[166] or increase the thickness of the Ge buffer [214]-[215]. The (224) 
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asymmetric 2D reciprocal space mapping (RSM) presented in Fig. 4.5(b) 
shows that both Ge and Ge0.95Sn0.05 peaks lie along the same in-plane 
reciprocal lattice vector Qx, which indicates that the Ge0.95Sn0.05 film is fully 
strained to the underlying Ge buffer layer. The vertical and lateral lattice 
constants of the Ge0.95Sn0.05 layer are calculated as 5.7202 and 5.6672 Å, 
respectively. The substitutional Sn composition of 0.05 is calculated by the 
deviation-corrected Vegard’s law as discussed in Section 2.2. The Ge buffer is 
slightly tensile strained with a value of 0.17%, and the Ge0.95Sn0.05 film is 
under 0.53% biaxial compressive strain.  
 
Fig. 4.5. (a) HRXRD scan of the Ge0.95Sn0.05/Si sample at (004), with its 
reciprocal space mapping at (224) orientation shown in (b). The epitaxial 
Ge1−xSnx film has a substitutional Sn composition of 0.05, and it is fully 
strained to the Ge buffer.*  
 
 
                                                          
* The XRD measurement was performed by Mr. Lim Poh Chong at Institute of 
Materials Research and Engineering (IMRE), A*Star. 








































Fig. 4.6. (a) HAADF-STEM image of the Ge0.95Sn0.05/Si APD. Dislocations in 
Ge and Ge0.95Sn0.05 films were observed. Fig. (b) and (c) show the HRTEM 
image of the Ge0.95Sn0.05/Ge interface and the Ge/Si interface, respectively.* 
Figure 4.6(a) shows the high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image of the 
Ge0.95Sn0.05/Si APD. The TEM lamina was prepared by focused ion beam (FIB) 
milling. Threading dislocations (bright color) through the Ge0.95Sn0.05 and Ge 
layers can be observed. High resolution TEM (HRTEM) images at the 
Ge0.95Sn0.05/Ge and the Ge/Si interfaces are shown in Fig. 4.6(b) and (c), 
respectively. It can be observed from Fig. 4.6(b) that the as-grown Ge0.95Sn0.05 
layer is single-crystalline. Many defects exist near the Ge/Si interface to 
release the lattice-mismatch strain energy. 
                                                          
* The TEM measurement was performed by Dr. Yang Yi at Data Storage 




















Fig. 4.7. (a) 1D EDX scan of the Ge0.95Sn0.05/Si APD from SiO2 to Si layer, 
with the scan direction shown in the inserted STEM image (yellow arrow). 
The step size of the scan is 5 nm. (b) 1D EDX scan at the Ge0.95Sn0.05/Ge 
interface with a step size of 0.5 nm. The x axis here represents the distance 
from the SiO2/Ge0.95Sn0.05 interface.*  
One-dimensional (1D) energy dispersive X-ray (EDX) scan was used 
to characterize the chemical composition distribution of the Ge0.95Sn0.05/Si 
APD. Four elements (Ge, Sn, Si, and O) are detected and plotted in Fig. 4.7(a), 
with its scan direction illustrated in the inset STEM image (yellow arrow). The 
step size of the scan is 5 nm. The x axis here represents the distance from the 
                                                          
* The EDX measurement was performed by Dr. Yang Yi at Data Storage 
Institute (DSI), A*Star. 



























































SiO2/Ge0.95Sn0.05 interface. EDX scan with the step of 0.5 nm was performed 
at the Ge0.95Sn0.05/Ge interface, as shown in Fig. 4.7(b). The Sn atomic 
percentage in the bulk Ge0.95Sn0.05 region is around 4 to 5%, which is 
consistent with the XRD results. At the interfacial region, it is observed that 
the Sn atomic percentage decreases gradually from left to right side, with a 
transition length of ~5 nm. 
 
Fig. 4.8. (a) Idark-Vbias characteristics of the Ge0.95Sn0.05/Si APDs with different 
diameters (D = 30, 40, 70, 100 μm). The Jdark-Vbias characteristics of these 
devices are shown in (b). The four devices show almost merged Jdark-Vbias 
curves. This indicates that Idark is dominated by the bulk leakage rather than 
the surface leakage current. 
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79 
 
4.3.2 Electrical Characteristics of the Ge0.95Sn0.05/Si APD 
Dark current, defined as the current of a photodiode under dark 
condition, is one of the key figures-of-merit to characterize the performance of 
an APD. In this section, current-voltage measurement was carried out to 
investigate Idark of the as-fabricated Ge0.95Sn0.05/Si APD.  
Figure 4.8(a) shows the Idark against bias voltage (Idark-Vbias) 
characteristics of the Ge0.95Sn0.05/Si APD with various device sizes. All the 
measurements were carried out at room temperature unless stated otherwise. 
The detectors show a typical rectifying characteristic. It can also be seen that 
Idark increases when the device size becomes larger. The Idark of a diode has 
two components: one is the bulk leakage current which is proportional to the 
diode area or D2; the other one is the perimeter (or D)-dependent current 
originating from the sidewall surface of the device. Both the area- and 
perimeter-dependent currents increase as the device diameter increases. To 
further analyze the origins of Idark for the as-fabricated Ge0.95Sn0.05/Si APD, we 
normalized Idark to the device area, and plotted the dark current density Jdark 
against Vbias characteristics of the detectors in Fig. 4.8(b). One sees that the 
four devices show almost the same Jdark-Vbias characteristic, indicating that Idark 
is dominated by the area-dependent bulk leakage rather than the surface 
leakage.  
In addition, Jdark of the Ge0.95Sn0.05/Si APD at 90% of breakdown 
voltage Vbr (the bias voltage at which the dark current reaches 1 mA) is around 
14 A/cm2. This value is larger than that of the conventional Ge/Si APDs, 
which normally ranges between 0.1 – 5 A/cm2 [56]-[65].  The main reasons 
for the larger Jdark could be the relatively higher TDD of the Ge0.95Sn0.05/Si 
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sample and the smaller bandgap of the Ge0.95Sn0.05 compared to Ge. It should 
be possible to suppress the Jdark by optimizing epitaxial growth conditions and 
annealing the device at high temperature to improve the quality of the 
Ge1−xSnx and Ge epitaxial layers [166]. 
 
Fig. 4.9. (a) Idark-Vbias characteristics of the Ge0.95Sn0.05/Si APD (D = 20 μm) at 
different temperatures T ranging from 258 to 349 K with a step of 13 K. The 
enlarged view of the region highlighted in the gray dashed rectangle is shown 
in (b). The breakdown voltage Vbr (the Vbias at which Idark reaches 1 mA) shifts 
to the left when T is increased, which is due to the avalanche breakdown. 
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The Idark-Vbias characteristics of APDs are usually temperature 
dependent. Figure 4.9(a) shows the Idark of the Ge0.95Sn0.05/Si APD (D = 20 μm) 
at different temperatures from 258 to 349 K with a step of 13 K. The arrow 
indicates the direction of increasing T. At low negative or reverse bias, Idark of 
the APD increases with increasing temperature. This is consistent with the 
generation-recombination model. The gray dashed rectangle region of Fig. 
4.9(a) is enlarged and depicted in Fig. 4.9(b), illustrating that the breakdown 
voltage Vbr of the Ge0.95Sn0.05/Si APD increases with increasing temperature.  
This can be explained qualitatively as follows [167]. The average 
phonon population increases as the temperature is increasing according to the 
Bose-Einstein statistics. This increases phonon scattering of the carriers 
travelling through the multiplication layer. Consequently, the carriers lose 
more energy to the crystal lattice at a given electric field along a certain 
distance. Thus, the carriers must pass through a larger potential difference 
before they gain enough energy to generate secondary electron-hole pairs. 
Therefore, a larger bias voltage is required to trigger avalanche multiplication 
at a higher temperature.  
A quantitative analysis of the relation between Vbr and T can be found 
in Ref. [216]. However, it should be noted that the relation is quite 
complicated and the equations discussed in Ref. [216] can only be solved 
numerically. Fortunately, it is observed that the relation between Vbr and T can 
be well approximated by a linear equation. This has been verified by many 
experimental results [12],[56]-[57],[65]. Therefore, in this work a linear 
equation is used to fit the data points of Vbr at various T. 
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Figure 4.10 shows the temperature dependence of Vbr for the 
Ge0.95Sn0.05/Si APD. It can be observed that Vbr increases linearly with 
increasing temperature according to Ref. [217]: 
                         ( ) ( ) ( )0 0[1 ],br brV T V T T Tb= × + −                             (4.6)                                                          
with a thermal coefficient β extracted as 0.05% K−1. The reference temperature 
T0 is 273 K. The positive dependence of Vbr on temperature (β  >  0) indicates 
that the breakdown mechanism of the Ge0.95Sn0.05/Si APD is avalanche 
multiplication, because the alternative breakdown mechanism, tunneling 
breakdown, shows an inverse temperature dependence (β < 0). This 
temperature dependence of Vbr is generally used to differentiate avalanche 
multiplication from tunneling breakdown [167]. In this work, the β of 0.05% 
K−1 obtained from our Ge0.95Sn0.05/Si APD is a typical value for Si-based 
APDs [56]-[57],[218]. It should be noted that this number is smaller than that 
of the APDs based on III-V materials [219]-[220], e.g. InP (~0.15% K−1) and 
InAlAs (~0.09% K−1), with similar layer structures. This indicates that the 
Ge0.95Sn0.05/Si APD has a lower thermal sensitivity and a less stringent 





Fig. 4.10. Temperature dependence of Vbr for the Ge0.95Sn0.05/Si APD (D = 20 
μm). The extracted thermal coefficient β of Vbr is 0.05% K−1, which is a 
typical value for Si-based APDs and is smaller than those of the III-V-based 
APDs with similar layer structures. 
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Fig. 4.11. (a) Itotal-Vbias characteristics of the Ge0.95Sn0.05/Si APD (D = 30 μm) 
under different incident light power Pin ranging from 0.5 to 2.5 mW at λ = 
1630 nm. (b) Photocurrent Iphoto (Iphoto = Itotal − Idark) increases linearly with the 
incident light power at Vbias = −5 V, and no current saturation is observed. 
4.3.3 Optical Characteristics of the Ge0.95Sn0.05/Si APD 
Photo-response characteristics of the Ge0.95Sn0.05/Si APD were studied 
using the measurement system illustrated in Section 3.3.2. The total current 
Itotal versus Vbias characteristics of the Ge0.95Sn0.05/Si APD (D = 30 μm) in dark 
and illumination conditions are plotted in Fig. 4.11(a). The incident light 
power (Pin) ranges from 0.5 to 2.5 mW with a step of 0.5 mW, and the 
wavelength (λ) is fixed at 1630 nm. The arrow indicates the direction of 
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increasing Pin. The photocurrent (Iphoto) is defined as the difference between 
Itotal under light illumination and Idark. At low reverse bias voltages, no 
avalanche multiplication occurs and Iphoto is observed to increase linearly with 
Pin, as depicted in Fig. 4.11(b). Iphoto does not saturate within this incident 
power range. 
The avalanche multiplication gain (M) of the Ge0.95Sn0.05/Si APD was 
obtained by normalizing its Rop to the primary Rop measured from the 
Ge0.95Sn0.05/Si p-i-n photodiode fabricated in the same process.  Figure 4.12(a) 
is the plot of the multiplication gain as a function of Vbias (M-Vbias). The arrow 
indicates the direction of increasing Pin. The multiplication gain exceeds unity 
at around −5 V and reaches its maximum value at around −9.8 V.  It should be 
noted that there is a peak for each avalanche gain curve at a certain Vbias. This 
was explained by H. Melchior et al. in 1966 [221]. When biased near the 
breakdown region, very high current flows through the photodiode. The high 
current increases the voltage drop across the series resistance of the APD, 
resulting in a lower effective voltage across the diode junction. Therefore, the 
multiplication gain of the photocurrent is reduced.  
The zoom-in view in Fig. 4.12(a) clearly shows that the peak 
multiplication gain (Mpeak) of the Ge0.95Sn0.05/Si APD decreases with 
increasing Pin, indicating that the incident light power has a big impact on the 
avalanche gain. Figure 4.12(b) presents the Mpeak-Pin characteristics of the 
Ge0.95Sn0.05/Si APD. The peak multiplication of the APD is around 10 at Pin = 
0.5 mW, and becomes ~30% lower at the power of 2.5 mW. This is because a 
higher Pin creates a higher photo-generated carrier density, leading to a 




Fig. 4.12. (a) M-Vbias characteristics of the Ge0.95Sn0.05/Si APD under different 
Pin at λ = 1630 nm. The inset shows the enlarged view of peak multiplication 
gain region. Figure (b) shows that the peak multiplication gain Mpeak is 
depressed when Pin increases. 
In addition, the device size also affects Mpeak of the Ge0.95Sn0.05/Si APD. 
Figure 4.13(a) shows the M-Vbias characteristics of the APDs with various 
diameters (D = 30, 50, and 100 μm) at λ = 1550 nm and Pin = 0.5 mW. It can 
be observed that a larger D leads to a lower Mpeak. This can be explained as 
follows.  
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According to Refs. [167],[221] , Mpeak of an APD can be described by 
an empirical relationship as 





=                                       (4.7) 
where Vpeak is the bias voltage for the peak multiplication gain, Rdiff is the 
differential resistance of the APD in the breakdown region, and n is a constant 
depending on the semiconductor material, doping profile, and light radiation. 
In this work, Vpeak is observed to be around −9.8 V for the Ge0.95Sn0.05/Si 
APDs with D = 30, 50, and 100 μm. In addition, a linear fitting for the Idark-
Vbias characteristics of the APDs yields similar Rdiff values of ~140 Ω. If we 
presume that n is identical for the three APDs, Mpeak should be inversely 
proportional to the square root of Idark. This is confirmed by the experimental 
results of the Ge0.95Sn0.05/Si APDs, as shown in Fig. 4.13(b).  
Therefore, the reduction in Mpeak should be due to a higher Idark of the 
Ge0.95Sn0.05/Si APD with larger D. In fact, this indicates why it is important to 
keep Idark as low as possible in order to achieve high carrier multiplication gain. 
To verify the presumption mentioned above, the n values of the three APDs 
are calculated based on experimental data according to Eq. 4.7. For the 
Ge0.95Sn0.05/Si APDs with D = 30, 50, and 100 μm the n values are 1.24, 1.22, 
and 1.23, respectively, as shown in Fig. 4.13(c). The n values show a very 




Fig. 4.13. (a) M-Vbias characteristics of the APDs with various diameters of 30, 
50, and 100 μm at λ = 1550 nm and Pin = 0.5 mW. Figure (b) shows that Mpeak 
is inversely proportional to square root of Idark of the APDs. (c) The extracted 
n values of the APDs with different D are similar. 
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Fig. 4.14. Itotal-Vbias characteristics of the Ge0.95Sn0.05/Si APD (D = 30 μm) 
under illumination with λ ranging from 1510 to 1630 nm. Pin is fixed at 0.5 
mW. 
Figure 4.14 shows the Itotal-Vbias characteristics of the Ge0.95Sn0.05/Si 
APD under illumination with λ values ranging from 1510 to 1630 nm. The 
diameter of the device is 30 μm and Pin is fixed at 0.5 mW. When λ is smaller 
than 1600 nm, part of the Iphoto comes from the buffer layer since Ge also 
absorbs photons within this wavelength range. For λ > 1600 nm, the 
absorption coefficient of Ge is small even with tensile strain [70]-[71]. In 
addition, considering the relatively small thickness of the buffer layer (~350 
nm), the contribution of photocurrent from the Ge buffer at this wavelength 
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Fig. 4.15. Optical responsivity from λ = 1510 to 1630 nm for the 
Ge0.95Sn0.05/Si APD biased at (i) −5 V, (ii) −8 V, (iii) −8.8 V, and (iv) −9.8 V, 
respectively. The responsivity of the APD is highest when biased at −9.8 V, 
and it is around one order lager than that biased at −5 V. This is due to the 
avalanche multiplication effect. 
The optical responsivity of the Ge0.95Sn0.05/Si APD at 1510 − 1630 nm 
is depicted in Fig. 4.15. Curve (i) shows Rop of the device under Vbias = −5 V. 
There is no multiplication at this bias voltage. At 1600 − 1630 nm, the device 
shows an almost flat responsivity with respect to λ rather than a roll-off of Rop 
which has been normally observed for the Ge/Si photodetectors [70]-[72]. 
This is due to the lower bandgap or extended absorption edge of Ge0.95Sn0.05 
relative to Ge. At higher bias voltages, e.g. −8 and −8.8 V, Rop becomes larger 
due to the avalanche multiplication effect. Rop reaches maximum at Vbias = 
−9.8 V, which is around one order of magnitude larger than the one biased at 
−5 V. The Ge0.95Sn0.05/Si APD exhibits Rop as high as ~1 A/W at 1600 − 1630 
nm range when biased at −9.8 V. Theoretical calculation indicates that the 
bulk-Ge0.95Sn0.05 (fully-strained to Ge) has a direct bandgap of ~0.655 eV 
[199], corresponding to a much extended absorption edge of ~1.89 μm as 
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compared to Ge absorber. Furthermore, it should be noted that mid-infrared 
Si-based APDs working at 2 − 5 μm wavelength can be achieved by 
increasing Sn composition in the absorption layer. This will be discussed in 
detail in the next chapter. Besides the extension of the absorption edge to 
longer wavelength, Ge1−xSnx provides another advantage in the enhancement 
of optical absorption compared to Ge in NIR range [126]. One sees that when 
biased near the breakdown voltage, the responsivity of the Ge0.95Sn0.05/Si APD 
at λ = 1550 nm is smaller than that of the Ge/Si APD in Ref. [67]. This could 
be explained by the much smaller absorption length of the Ge0.95Sn0.05/Si APD 

















In this chapter, the device design, fabrication, and characterization of a 
Ge0.95Sn0.05/Si APD are presented. The diode dark current is area-dependent. 
The temperature dependence of breakdown voltage Vbr was studied and the 
thermal coefficient of Vbr was extracted to be 0.05% K−1. This value is smaller 
as compared to those of the conventional III-V-based APDs, indicating a 
lower sensitivity to temperature variations in real applications. The 
Ge0.95Sn0.05/Si APD shows a large optical responsivity of ~1 A/W at Vbias of 
−9.8 V in the wavelength range from 1600 to 1630 nm due to the internal 
avalanche gain. This work paves the way for monolithic and CMOS-
compatible APD arrays for applications in bio-technology, medical 
diagnostics, night vision, and greenhouse gas monitoring, for which NIR 















Chapter 5  
Ge0.9Sn0.1 Multiple Quantum Well on Si 
Avalanche Photodiode for Light Detection 
at 2 μm and Beyond 
5.1 Introduction 
Photodetectors working at two-micron wavelength and beyond are of 
significant interest for applications in chemical and biological sensing 
[3],[81]-[82], atmospheric gas monitoring [222], and optical communications 
using hollow-core photonic bandgap fibers (HPBFs) [78] and thulium-doped 
fiber amplifiers (TDFAs) [79]. Avalanche photodiode (APD) is preferred 
because of its high-sensitivity at low-light-level conditions due to the internal 
carrier multiplication. III-V [12]- and mercury cadmium telluride (HgCdTe) 
[10]-[11] compounds are commonly used materials for fabricating the 2-μm 
wavelength APDs, but they suffer from high production costs, small wafer 
size, and difficulty in integration with Si read-out integrated circuits. 
Unlike the traditional APDs, a Si-based APD leverages the mature 
CMOS process and has the possibility of integrating with Si electronic devices. 
Besides, an APD that uses Si as the avalanche multiplication material is 
promising for its small excess noise factor and less stringent demand on 
temperature stability. In Chapter 4, a Ge0.95Sn0.05-on-Si (Ge0.95Sn0.05/Si) APD 
has been demonstrated with the separated Ge0.95Sn0.05 and Si layers for near-
infrared light absorption and carrier multiplication, respectively. However, the 
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Ge0.95Sn0.05/Si APD is still inappropriate for light detection at 2 μm due to 
relatively low Sn concentration in the absorption layer.  
To solve this problem, a Ge1−xSnx absorber with higher Sn 
concentration is needed [126]. However, the critical thickness hc (for strain-
relaxation) of the Ge1−xSnx absorption layer decreases with increasing x [189], 
due to the larger lattice-mismatch between Ge1−xSnx and the substrate (mainly 
Ge-on-Si virtual substrate). This issue could be alleviated by implementing the 
Ge1−xSnx multiple quantum well (MQW) structure [99],[103],[115],[223], 
which enables a relative larger critical thickness in contrast to the bulk 
Ge1−xSnx. In addition, the MQW structure can be used for other photonic 
devices, e.g. highly-efficient optical modulators based on the quantum 
confined stark effect (QCSE) [224]. Thus, the implementation of MQW 
structure allows monolithic integration of the photodetector with other 
photonic devices using a single MQW stack, simplifying the fabrication of 
photonic integrated circuits (PICs) [225]. 
In this chapter, a Ge0.9Sn0.1 MQW-on-Si (Ge0.9Sn0.1 MQW/Si) APD 
with a cutoff wavelength (λc) beyond 2 μm is demonstrated, extending the 
absorption edge of Si-based APDs from near- to mid-infrared (2 – 5 μm) 
wavelength range. Dark current (Idark) characteristics of the APD are 
investigated, with an extracted thermal coefficient of breakdown voltage (Vbr) 
to be 0.053% K−1. In addition, spectral response measurement of the APD 
covering wavelengths from 1510 to 2003 nm is performed. An optical 
responsivity (Rop) of 0.33 A/W is achieved at 2003 nm due to the internal 




5.2.1 Device Design 
A three-dimensional (3D) schematic of the vertically-illuminated 
Ge0.9Sn0.1 MQW/Si APD is depicted in Fig. 5.1(a). Light generated from a 
laser is coupled into a single-mode (SM) fiber (only the fiber core is shown) 
and illuminated on the active region of the APD. The light spot size of the SM 
fiber is below 10 µm, which is smaller than the size of the APD active region. 
The device surface is capped by a SiO2 layer for light antireflection and 
electrode isolation. The inset shows a top-view photograph of the APD with a 
mesa diameter (D) of 30 µm. The aluminum (Al) top and bottom electrodes 
are patterned in a coplanar ground-signal-ground (GSG) configuration.  
Two-dimensional (2D) cross-sectional schematic of the Ge0.9Sn0.1 
MQW/Si APD along the dashed line A-A’ is illustrated in Fig. 5.1(b). The 
Ge0.9Sn0.1 MQW/Si APD has a separate-absorption-charge-multiplication 
(SACM) structure in which light absorption and carrier multiplication occur in 
the Ge0.9Sn0.1 MQW and i-Si layer, respectively. The SACM design ensures 
that only the carriers having higher ionization coefficient (electrons for Si) are 
injected into the avalanche region, which is critical to attain low multiplication 
noise by minimizing the carrier-feedback effect [226]-[227].  
The APD in this work has same layer structures as the Ge0.95Sn0.05/Si 
APD in Chapter 4, except the p+-Ge contact layer and the Ge0.9Sn0.1 MQW 
absorption layer as illustrated in Fig. 5.1(c). The 50 nm-thick p+-Ge contact 
layer has a doping concentration of ~5 × 1019 cm−3. This layer was formed by 
an in-situ Ga doping process in a molecular beam epitaxy (MBE) system at 
150 °C. The in-situ doping technique has a lower thermal budget as compared 
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to the ion-implantation approach used in Chapter 4, avoiding the Sn 
precipitation and surface segregation in the Ge0.9Sn0.1 quantum wells.  
 
 
Fig. 5.1. (a) 3D schematic of the Ge0.9Sn0.1 MQW/Si APD. Light coupled into 
a SM fiber vertically illuminates the active region of the APD. The inset 
shows a top-view optical microscopy image of the device. The cross-sectional 
schematic of the Ge0.9Sn0.1 MQW/Si APD along the dashed line A-A’ is 
shown in Fig. 5.1(b). The APD has a separate-absorption-charge-





Fig. 5.2. (a) Band alignment between a pseudomorphic Ge0.9Sn0.1 QW and the 
Ge barriers. The first quantized energy levels for electrons (e1) and heavy 
holes (HH1) at Γ-valley are calculated by solving the 1D time-independent 
Schrödinger equation. (b) Calculated energy bandgap difference (ΔEg,Г) 
between the QW and a bulk-Ge0.9Sn0.1 as a function of well thickness (twell).   
The design of the Ge1−xSnx MQW absorption layer is critical as it 
determines the cutoff wavelength (λc) of the APD. In addition, the MQW 
should be fully-strained to the Ge buffer to avoid threading dislocations 
generated from Ge1−xSnx/Ge interface. Thus, the total thickness of the MQW 
should be kept below its critical thickness. Generally, λc and hc of a Ge1−xSnx 
MQW grown on a Ge(100) substrate are affected by three parameters: Sn 


















































In this work, a Ge1−xSnx MQW with x = 0.1 is used as the absorption 
layer. The pseudomorphic bulk-Ge0.9Sn0.1 grown on Ge(100) has a direct 
bandgap (bandgap at Г-valley, denoted as Eg,Г) of ~0.524 eV. This 
corresponds to a λc of ~2.37 µm. One sees that further increasing x in the 
absorption layer realizes a longer λc. However, the thermal stability of 
Ge1−xSnx is degraded as the Sn composition is much higher, which may lead to 
Sn precipitation and surface segregation during device fabrication [177].  
The impact of twell on λc of the Ge0.9Sn0.1 MQW is investigated. Figure 
5.2(a) depicts the band alignment between a pseudomorphic Ge0.9Sn0.1 QW 
and the Ge barriers according to  
                          2, ( ) 0.798 2.967 2.224 ,gE x x xΓ ≈ − +                       (5.1) 
                              , ( ) ( 1.543 2.054 ),CE x x xΓ∆ ≈ − +                          (5.2) 
where ΔEC,Γ is the conduction band offset between Ge1−xSnx and Ge at Г-
valley [199]. As for the valence band of the QW, only heavy hole (HH) band 
is considered since the QW is under highly compressive strain. The red and 
blue dashed lines in Fig. 5.2(a) indicate potentials of the first quantized energy 
levels for electrons (e1) and heavy holes (HH1), respectively. To estimate the 
cutoff wavelength of the APD, the e1 and HH1 potentials of the Ge0.9Sn0.1 QW 
are calculated by solving the one-dimensional (1D) time-independent 
Schrödinger equation in the growth direction z,  
                            
2 2




− + Ψ = Ψ
∂
                             (5.3) 
where ħ is the reduced Planck constant, m*(z) the carrier effective mass in 
(100) direction, and V(z) the potential energy due to the hetero-junction band 
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edges. The electron and HH effective masses for Ge0.9Sn0.1 and Ge are 
extracted from Ref. [228].  
 When twell = 15 nm, the energy difference between e1 and the 
conduction band of Ge0.9Sn0.1 is calculated to be ~29 meV, whereas that of 
HH1 with respect to the HH valence band is ~6 meV. Thus, the 15 nm-thick 
QW structure leads to a total energy difference (ΔEg,Г) of ~35 meV as 
compared to the bulk-Ge0.9Sn0.1. ΔEg,Г of the Ge0.9Sn0.1 QW as a function of 
twell is shown in Fig. 5.2(b). It is observed that ΔEg,Г decreases with increasing 
twell due to the relatively weaker quantum confinement effect. This leads to a 
larger λc of the Ge0.9Sn0.1 QW. For the twell of 5, 10, 15, and 20 nm, λc is 
calculated to be 1.91, 2.12, 2.22, and 2.27 µm, respectively.  
 The critical thickness of a bulk-Ge1−xSnx film grown by MBE can be 
predicted by the People and Bean (P-B) model as discussed in Section 4.2.1. 
In the case of a Ge1−xSnx MQW, the critical thickness could be estimated using 
the average Sn content (xaverage) of a single QW period [229], 






                                   (5.4) 
Therefore, hc of a Ge1−xSnx MQW is then simply equivalent to that of a bulk-










Fig. 5.3. (a) hc-x characteristics of Ge1−xSnx MQWs with various twell. The 
substrate is Ge(100). tbarrier is fixed at 20 nm. The dashed line shows hc of a 
bulk-Ge1−xSnx as a reference. (b) tGeSn,QW of Ge0.9Sn0.1 MQWs as a function of 
twell. (c) hc-x characteristics of Ge1−xSnx MQWs with various tbarrier. twell is 
fixed at 15 nm. (d) tGeSn,QW of Ge0.9Sn0.1 MQWs as a function of tbarrier. 
Figure 5.3(a) shows the hc-x characteristics of Ge1−xSnx MQWs with 
different twell. The Ge barrier thickness is fixed at 20 nm. In addition, hc of a 
bulk-Ge1−xSnx film (dashed line) is plotted as a reference. A larger twell leads to 
a higher xaverage according to Eq. 5.4, resulting in a reduction in hc of the MQW 
structure. As for the Ge0.9Sn0.1 MQWs with twell = 10, 15, and 20 nm, the 
critical thicknesses are around 1180, 670, and 460 nm, respectively. These 
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critical thicknesses then limit the maximum number of QWs (Nmax) that can be 
grown before strain relaxation. Therefore, the value of twell also affects the 
total thickness of Ge1−xSnx wells (tGeSn,QW), which is defined as 
                                               , .GeSn QW well maxt t N= ×                                      (5.5) 
Figure 5.3(b) depicts tGeSn,QW of the Ge0.9Sn0.1 MQWs with twell = 10, 15, and 
20 nm. It can be observed that tGeSn,QW of the Ge0.9Sn0.1 MQWs are larger than 
that of the bulk-Ge0.9Sn0.1. In addition, a higher tGeSn,QW can be achieved by 
decreasing twell.  
 The thickness of Ge barrier also affects hc and tGeSn,QW of the Ge1−xSnx 
MQW, as shown in Figs. 5.3(c) and (d), respectively. twell is fixed at 15 nm in 
this case. Increasing tbarrier decreases xaverage of the MQW, leading to a higher 
hc. In addition, tGeSn,QW of the Ge0.9Sn0.1 MQWs are calculated to be around 
180, 285, and 390 nm for tbarrier = 10, 20, and 30 nm, respectively. It appears 
that the Ge barrier should be as thick as possible to achieve large tGeSn,QW. 
However, in practical devices a very large tbarrier may significantly increase the 
transit time of photo-generated carriers, degrading 3dB bandwidth of the 
photodiode.  
 In this work, the Ge0.9Sn0.1 MQW absorption layer comprises ten 15-
nm thick Ge0.9Sn0.1 quantum wells which are separated by the 20-nm thick Ge 
barriers. The MQW shows a λc of ~2.22 µm, which is enough for the 
photodetection near 2-µm wavelength. In addition, the thickness of the MQW 





Fig. 5.4. (a) HRXRD (004) rocking curve of the Ge0.9Sn0.1 MQW sample. Two 
main peaks corresponding to Si substrate and Ge buffer, and a series of peaks 
from the periodic Ge0.9Sn0.1 MQW can be clearly observed. The simulated 
XRD curve of the Ge0.9Sn0.1 MQW structure is shown at the bottom. (b) The 
(115) reciprocal RSM of the Ge0.9Sn0.1 MQW sample. The Ge0.9Sn0.1 quantum 
wells are fully strained to the Ge buffer.*  
5.2.2 Material Growth and Characterization 
The Ge0.9Sn0.1 MQW was epitaxially grown on a 4-inch commercial 
available Ge-on-Si(100) virtual substrate by MBE at 150 ºC with a base 
pressure of 3 × 10−10 Torr. High-purity (99.9999%) Ge and Sn sources were 
evaporated using two separate pyrolytic boron nitride (PBN) Knudsen cells. 
During the epitaxy of the Ge0.9Sn0.1 MQW, the shutter of Sn cell was switched 
open and close periodically for growing Ge0.9Sn0.1 and Ge layers, respectively. 
After that, an in situ Ga-doped p+-Ge layer was grown, with a root-mean-
square (RMS) surface roughness of 1.83 nm as measured by atomic force 
microscopy (AFM). The MBE growth was done by Dr. Wang Wei at National 
University of Singapore. 
                                                          
*  The XRD measurement was done by Dr. Wang Wei at Singapore 
Synchrotron Light Source (SSLS). 



































Figure 5.4(a) shows the high-resolution X-ray diffraction (HRXRD) 
(004) scan of the as-grown Ge0.9Sn0.1 MQW sample. The X-ray wavelength 
was 1.529 Å in this measurement. Two main peaks corresponding to the Si 
substrate and the Ge buffer, and a series of high-order satellite peaks from the 
periodic Ge0.9Sn0.1 MQW are observed. The presence of satellite peaks 
indicates the high-crystalline-quality periodic layers with abrupt interfaces. 
Modelling of the XRD (004) rocking curve helps to probe the substitutional Sn 
composition and the thickness of the MQW layers. The best-fit curve (as 
shown at the bottom) shows a Sn composition of 10 ± 0.2 %, and the 
thicknesses of 14.8 ± 0.2 and 21.0 ± 0.2 nm for the Ge0.9Sn0.1 quantum wells 
and Ge barriers, respectively. The asymmetric (115) reciprocal space mapping 
(RSM) of the Ge0.9Sn0.1 MQW sample is shown in Fig. 5.4(b). The Ge0.9Sn0.1 
MQW and Ge buffer peaks are vertically aligned along the line with a fixed Qx, 
indicating that the Ge0.9Sn0.1 MQW layers are fully-coherent or 
pseudomorphic with respect to the Ge buffer.  
5.2.3 Key Process Steps 
Circular mesas with various diameters were first formed by chlorine 
(Cl)-based inductively coupled plasma (ICP) etching. Another dry etching 
approach, fluorine (F)-based plasma etching with CF4 as the gas source, was 
not suitable to etch Ge1−xSnx materials due to the formation of non-volatile 
etch product (SnFy) [163], which could lead to a very rough etch surface as 
discussed in Section 2.3.1. Figure 5.5(a) shows the tilted-view scanning 
electron microscopy (SEM) image of the mesa etched by the Cl2 RF plasma 
with a gas pressure of 10 mTorr and RF power of 200 W. The total mesa 
height was about 1.5 µm, with a 0.2 µm-thick intentional over-etching into the 
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n+-Si contact layer. Trenches were observed along the mesa edge, which could 
be attributed to ion reflections against sidewall during plasma etching. Figure 
5.5(b) shows the scanning transmission electron microscopy (STEM) image of 
the Ge0.9Sn0.1 MQW at mesa sidewall region, where a jagged sidewall profile 
was observed. The zoomed-in cross-sectional TEM (XTEM) image of the 
sidewall is presented in Fig. 5.5(c). It appears that Ge0.9Sn0.1 has a larger 
lateral etching distance as compared to Ge. The high-resolution TEM 
(HRTEM) image of the region highlighted by the dashed rectangle is shown in 








Fig. 5.5. (a) HRXRD (004) rocking curve of the Ge0.9Sn0.1 MQW sample. Two 
main peaks corresponding to Si substrate and Ge buffer, and a series of peaks 
from the periodic Ge0.9Sn0.1 MQW can be clearly observed. The simulated 
XRD curve of the Ge0.9Sn0.1 MQW structure is shown at the bottom. (b) The 
(115) reciprocal RSM of the Ge0.9Sn0.1 MQW sample. The Ge0.9Sn0.1 quantum 







                                                          
* The TEM measurement was performed by Ms. Serene Ng Lay Geok at Data 



























After mesa etching, the sample was dipped into (NH4)2S (24%) 
aqueous solution for 1 hour at room temperature for surface passivation, and 
immediately followed by the deposition of a 250 nm-thick SiO2 capping by 
plasma-enhanced chemical vapor deposition (PECVD) at 250 ºC. The 
remaining steps, including contact window opening and Al electrodes 
formation, were similar to steps presented in Section 3.2.2. The process 
temperatures of all the steps were kept below 250 ºC to avoid Sn diffusion, 
segregation, or clustering. A Ge0.9Sn0.1 MQW/Si p-i-n photodiode, without the 
Si charge and multiplication layers, was also fabricated using the same process 
to enable the calculation of avalanche multiplication gain of the APD. 
The as-fabricated Ge0.9Sn0.1 MQW/Si APD was then inspected by 
SEM and TEM. Figure 5.6(a) shows the tilted-view SEM image of the 
completed device with D = 30 µm. The region where the TEM lamella was 
prepared by focused ion beam (FIB) milling is highlighted by a blue solid line. 
The cross-sectional STEM image of the APD is shown in Fig. 5.6(b). 
Threading dislocations were originated from the Ge/Si interface due to the 
mismatched epitaxy. The HRTEM image of the Ge0.9Sn0.1 QW is presented in 
Fig. 5.6(c), showing that the Ge0.9Sn0.1 and Ge epitaxial layers are single-
crystalline. Figure 5.6(d) shows the 1D energy dispersive X-ray (EDX) scan of 
the Ge0.9Sn0.1 MQW along the solid arrow illustrated in Fig. 5.6(b). The 
distribution of Ge and Sn were recorded with a scan step size of 1 nm. Ten 






Fig. 5.6. (a) Tilted-view SEM image of the completed Ge0.9Sn0.1 MQW/Si 
APD (D = 30 μm). The blue line indicates the FIB cut region for TEM 
analysis. (b) STEM image of the APD. Threading dislocations originating 
from the Ge/Si interface can be observed. (c) HRTEM at the Ge0.9Sn0.1 MQW 
region. (d) 1D EDX scan of the Ge0.9Sn0.1 MQW along the yellow solid arrow 
shown in Fig. 5.6(b).*  
 
                                                          
* The TEM measurement was performed by Ms. Serene Ng Lay Geok at Data 
Storage Institute (DSI), A*Star. 










































Fig. 5.7. Idark-Vbias characteristics of the Ge0.9Sn0.1 MQW/Si APD (D = 30 μm) 
at various temperatures T ranging from 260 to 320 K with a step of 10 K. The 
arrow indicates the direction of increasing T. 
5.3 Results and Discussion 
5.3.1 Dark Current 
For infrared photodetectors, the dark current is a critical performance 
parameter which affects the signal-to-noise ratio and power consumption. 
Figure 5.7 plots Idark of the Ge0.9Sn0.1 MQW/Si APD (D = 30 μm) as a function 
of bias voltage (Vbias). The measurement temperature (T) ranges from 260 to 
320 K with a step of 10 K. The arrow indicates the direction of increasing T. 
The APD shows obvious rectifying behavior at all temperatures. It is observed 
that Idark becomes larger with increasing T at low reverse voltage, which is 
consistent with the generation-recombination model. Dark current density 
(Jdark) of a photodiode can be obtained by normalizing Idark to the diode area 
(Ad). It is calculated that Jdark of the APD at Vbias = −3 V increases from 0.06 to 
0.69 A/cm2 with increasing T from 260 to 320 K. The Vbr, defined as the bias 
















Bias Voltage Vbias (V)
T = 260 to 320 K
Step: 10 K
D = 30 μm
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voltage at which the reverse current reaches 1 mA, of the Ge0.9Sn0.1 MQW/Si 
APD is between −9.5 to −10 V within this temperature range. 
Measuring the temperature-dependent dark current of an APD near the 
breakdown voltage provides insights into the breakdown mechanism of the 
diode. Figure 5.8(a) shows the Idark-Vbias characteristics of the Ge0.9Sn0.1 
MQW/Si APD at the breakdown region. The arrow indicates the direction of 
increasing T. It is observed that the APD reaches its breakdown voltage at a 
smaller Vbias when the temperature is lower (Vbr shifts to the left as T is 
increasing). This indicates that the breakdown of the photodiode is due to 
avalanche breakdown, whereas the other breakdown mechanism, tunneling 
(Zener) breakdown, shows the opposite trend as discussed in Section 4.3.2. 
  
Fig. 5.8. (a) Idark-Vbias characteristics of the APD (D = 30 μm) near the 
breakdown voltage (Vbr) region. The arrow indicates the direction of 
increasing T. Vbr shifts to the left when T is increased, indicating that the 
breakdown is due to the avalanche breakdown rather than the tunneling 
breakdown. (b) Temperature-dependence of Vbr for the Ge0.9Sn0.1 MQW/Si 
APD. Thermal coefficient of Vbr (β) is extracted to be 0.053% K−1.  
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Furthermore, Vbr of the Ge0.9Sn0.1 MQW/Si APD is observed to 
increase linearly with T, as shown in Fig. 5.8(b). The thermal coefficient, 
denoted as β, of Vbr could be extracted using Eq. 4.6. A linear fitting of the 
data points using a least-square-regression method yields a slope of −0.0051 ± 
0.0002 V/K. Noting that Vbr(T0) is −9.65 V, β value of the Ge0.9Sn0.1 MQW/Si 
APD is calculated to be 0.053% K−1, which is consistent with the previously 
reported ones for Si [218], Ge/Si [57],[65], and Ge0.95Sn0.05/Si APDs. It should 
be noted that the III-V APDs normally have a larger β value as compared to 
the Si-based ones. For example, the β of an InP-based APD working at 2-µm 
wavelength range is calculated to be around 0.18% K−1 [12], which is more 
than three times larger than that of the Ge0.9Sn0.1 MQW/Si APD. This 
indicates that the requirement on temperature stability of our Si-based APD 
can be less stringent than that of the conventional III-V-based ones. 
Further analysis of Idark is carried out by measuring the current-voltage 
characteristics of the APDs with various diameters. It should be noted that Idark 
of a photodiode comprises two components: one is the bulk leakage current 
which is proportional to the diode area and the other one is the perimeter-
dependent surface leakage current. Figure 5.9(a) shows the room temperature 
Idark-Vbias characteristics of the Ge0.9Sn0.1 MQW/Si APD with mesa diameters 
ranging from 20 to 70 μm. It is observed that Idark of the APD increases with 
increasing D. A further quantitative analysis reveals that Idark of the APD is 
proportional the diode area rather than the perimeter, as shown in Fig. 5.9(b), 
indicating that Idark of the Ge0.9Sn0.1 MQW/Si APD is dominated by the bulk 
leakage current rather than the surface leakage. This can also be seen from the 
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inset of Fig. 5.9(b), where the APDs with different diameters are observed to 
exhibit almost overlapped Jdark-Vbias characteristics. 
 
Fig. 5.9. (a) Idark-Vbias characteristics of the Ge0.9Sn0.1 MQW/Si APD with 
mesa diameters ranging from 20 to 70 μm. (b) Idark of the APD increases 
linearly with the diode area, indicating that bulk leakage current is the 
dominant component of Idark. The inset shows the Jdark-Vbias characteristics of 
APDs with various diameters.     
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Table 5.1. Jdark of the 2-μm wavelength APDs at 0.9Vbr and at room temperature. 







@ Vbias = 0.9Vbr 
[12] Ga0.47In0.53As/GaAs0.51Sb0.49 MQW 2.4 InP Yes −51 0.026 
[13] Ga0.47In0.53As/GaAs0.51Sb0.49 MQW 2.5 InP Yes −64 0.021 @ 290 K
 
[14] Ga0.85In0.15As0.17Sb0.83 2.3 GaSb Yes −15 6.4 @ 0.5Vbr 
[15] Ga0.85In0.15As0.17Sb0.83 2.3 GaSb Yes −7 0.057 
[16] InAs 3.5 InAs Yes −13b 4.3 @ 290 K 
[17] InAs 3.5 InAs Yes −12b 1.2 
[18] InAs 3.5 InAs Yes −12b 15 @ 0.83Vbr 
[19] InAs 3.5 InAs Yes −12b 1.3 @ 0.83Vbr 
[10] Hg0.56Cd0.44Te 2.5 Hg0.56Cd0.44Te Yes −35 26 
[11] Hg0.5Cd0.5Tec 2.2 --- --- −36b 0.002 
This work Ge0.9Sn0.1 MQW 2.2 Si No −9.8 17 
aLight absorbing material relative to substrate material. 
bVbr is estimated as the Vbias at which the maximum avalanche gain is reported. 
cThe Hg composition is estimated based on Ref. [230].  
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Next, Jdark of the Ge0.9Sn0.1 MQW/Si APD is benchmarked with those 
of the reported 2-μm wavelength APDs based on III-V [8]-[15] and HgCdTe 
[10]-[11] compounds, as summarized in Table 5.1. The Hg composition of the 
HgCdTe alloy in Ref. [11] is estimated based on its energy bandgap according 
to Ref. [230]. All the APDs are compared at a bias voltage of 90% of Vbr and 
at room temperature unless stated otherwise. The Ge0.9Sn0.1 MQW/Si APD 
exhibits a comparable Jdark value to some of the III-V [14],[16],[18] and 
HgCdTe [10] devices, while it is also observed that the Jdark reported in this 
work is still higher than those of the state-of-the-art ones. It should be noted 
that the traditional 2-μm wavelength APDs use the lattice-matched III-V or 
HgCdTe substrates. As for the Ge0.9Sn0.1 MQW/Si APD, the relatively higher 
Jdark should be mainly due to the high density of threading dislocations (with 
an estimated level of 108 cm−2) of our Ge/Si(100) virtual substrate. Further 
investigations are needed to improve quality of the Ge buffer in order to 
suppress Jdark of the APD. This could be achieved by using an optimized 
epitaxy and/or a cyclic-annealing process at high temperature [166]. 
Nevertheless, although the observed Jdark is relatively higher than the best 
reported values in literature, the Si-based APD remains promising because of 
the CMOS-compatible fabrication process, the availability of large-size Si 
wafer (up to 300 mm), and the possibility of integrating with Si ROICs. 
5.3.2 Avalanche Gain and Optical Responsivity  
The photo-response characteristics of the Ge0.9Sn0.1 MQW/Si APD 
were measured in the wavelength range of 1510 − 2003 nm. This light 
spectrum range finds applications in a variety areas, including active night 
vision, gas (HCl, H2O, CO2, etc.) identification, and fiber-optic 
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telecommunications. The optical measurement setup is illustrated in Section 
3.3.2.  
Figures 5.10(a), (b), and (c) show the total current versus bias voltage 
characteristics (Itotal-Vbias) of the APD under light illuminations with λ = 2003, 
1877, and 1742 nm, respectively. The incident light power (Pin) varies from 
0.25 to 1 mW with a step of 0.25 mW. The arrows indicate the direction of 
increasing Pin. Idark of the APD is also shown for reference. Obvious optical 
response can be observed at the wavelength range of 1742 to 2003 nm. 
Avalanche multiplication gain (M) of the Ge0.9Sn0.1 MQW/Si APD is obtained 
by normalizing its responsivity to the primary responsivity measured from the 
reference p-i-n photodiode fabricated in the same process. Figures 5.10(d), (e), 
and (f) show M of the APD as a function of Vbias at λ = 2003, 1877, and 1742 
nm, respectively. The avalanche gain of the APD grows drastically at the Vbias 
about −9 V, and achieves its maximum value near −10 V. The presence of 
peaks in the M-Vbias characteristics of the APD could be explained by the same 
mechanism as discussed in Section 4.3.3.  
The peak avalanche gain (Mpeak) of the APD as a function of Pin at the 
wavelengths of 1742, 1877, and 2003 nm is shown in Fig. 5.11. A maximum 
peak avalanche gain of ~15 is achieved at λ = 2003 nm, Pin = 0.25 mW. 
Increasing Pin to 1 mW degrades the peak avalanche gain to ~10.5. This is due 
to the reduction of electric field in the multiplication region, resulting from the 







Fig. 5.10. Itotal-Vbias characteristics of the Ge0.9Sn0.1 MQW/Si APD (D = 30 µm) under various incident light power Pin at (a) λ = 2003 nm, (b) λ = 
1877 nm, and (c) λ = 1742 nm. Pin ranges from 0.25 to 1 mW with a step of 0.25 mW. Avalanche gain vs. Vbias of the APD with different Pin at 
(d) λ = 2003 nm, (e) λ = 1877 nm, and (f) λ = 1742 nm. The arrows indicate direction of increasing Pin. 
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Fig. 5.11. Peak avalanche gain (Mpeak) of the APD (D = 30 μm) as a function 
of incident light power (Pin) at the wavelengths of 1742, 1877, and 2003 nm. 
Increasing Pin decreases the peak avalanche gain. 
 
Fig. 5.12. Itotal-Vbias characteristics of the Ge0.9Sn0.1 MQW/Si APD (D = 30 
μm) illuminated with different light wavelengths ranging from 1510 to 2003 
nm. The arrow indicates the direction of decreasing λ. Pin is fixed at 0.5 mW. 
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Measurement of spectral response was performed at λ of 1510 − 2003 
nm.  Figure 5.12 shows the Itotal-Vbias characteristics of the APD with Pin = 0.5 
mW. The arrow indicates the direction of decreasing λ from 2003 to 1510 nm. 
Lower Itotal is observed at a longer λ. The photocurrents Iphoto of the APD at λ = 
1510, 1630, 1877, and 2003 nm with Vbias = −9 V (~0.9Vbr) are 415, 234, 133, 
and 70 μA, respectively, corresponding to the optical responsivities of 0.83, 
0.47, 0.27, and 0.14 A/W. The optical characterization results are further 
analyzed by calculating Rop of the Ge0.9Sn0.1 MQW/Si APD.  
 
Fig. 5.13. Optical responsivity from 1510 to 2003 nm for the Ge0.9Sn0.1 
MQW/Si APD (D = 30 μm) biased at −5, −8.5, −9, and −10 V. At λ = 2003 
nm, a responsivity of 0.33 A/W is achieved when Vbias = −10 V. This is more 
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Figure 5.13 shows the optical responsivity spectrum of the APD at 
1510 − 2003 nm under various Vbias. We observe clear photo-response 
characteristics at these wavelengths, covering not only the traditional fiber-
optic communication wavelengths up to 1675 nm (U band), but also the novel 
2-μm communication band using HPBFs and TDFAs. With Vbias near the 
breakdown voltage, much larger Rop is obtained as compared to the one biased 
at −5 V, due to the avalanche multiplication process. Despite the fact that the 
total thickness of the Ge0.9Sn0.1 layers is only 150 nm, relatively high Rop of 
0.33 and 0.14 A/W are achieved with Vbias of −10 and −9 V, respectively, at λ 
= 2003 nm.  
It should be noted that both the optical responsivity and the dark 
current of the Si-based APD should be further improved for photodetection of 
the very low-intensity signals at the level of μW or even nW. We anticipate 
that Rop of this vertically-illuminated APD could be enhanced by increasing 
the number of quantum wells or by incorporating resonant cavity structure at 
the absorption layer. Another approach is to implement the lateral-illuminated 
(waveguide) structures based on Si-on-insulator (SOI) platform, as has been 










In this chapter, a Ge0.9Sn0.1 MQW/Si APD with a cutoff wavelength 
beyond 2 μm is demonstrated. This device features a pseudomorphic 
Ge0.9Sn0.1 MQW as the infrared absorbing layer. Thermal coefficient of the Vbr 
is extracted to be 0.053% K−1, which is smaller than that of APDs with III-V 
as the multiplication material. This indicates that the APD reported in this 
work has a less stringent demand on temperature stability as compared to the 
conventional III-V-based ones. In addition, the spectral response of the APD 
covers wavelengths ranging from 1510 to 2003 nm. In particular, a high 
optical responsivity of 0.33 A/W is achieved at λ = 2003 nm with Vbias = −10 
V due to the internal avalanche gain. With further advances in Ge1−xSnx 
technology, monolithically-integrated infrared image sensors and optical 















Chapter 6  
Summary and Future Work 
6.1 Conclusion and Contributions of Thesis 
Germanium-tin (Ge1−xSnx) is a versatile group IV material system 
which has attracted great research attention in recent years for both electronic 
and photonic device applications. Ge1−xSnx has higher electron and hole 
mobilities than silicon (Si) and germanium (Ge), making it a promising 
candidate for high mobility channel metal-oxide-semiconductor field effect 
transistors (MOSFETs) in sub-7 nm technology nodes. In addition, Ge1−xSnx 
significantly expands the absorption range, and enhances the absorption 
coefficient of Ge, as discussed in Chapter 1. This makes Ge1−xSnx a very 
promising group IV material for near-infrared (NIR) and mid-infrared (MIR) 
photodetectors. 
This thesis focuses on developing etching processes of Ge1−xSnx 
materials, suppressing dark current (Idark) of Ge1−xSnx photodiodes by surface 
passivation, and demonstrating Ge1−xSnx-on-Si (Ge1−xSnx/Si) APDs for NIR 
and MIR applications. The major conclusion and contributions of this thesis 
are summarized in Sections 6.1.1 − 6.1.4. In addition, suggestions on possible 
future directions for expanding research in this thesis are provided in Section 
6.2. 
6.1.1 Etching Techniques for Ge1−xSnx Alloys  
An in-depth investigation on the dry and wet etching processes for 
Ge1−xSnx alloys are documented in Chapter 2. This work provides insights into 
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the etching mechanism of Ge1−xSnx alloys, paving the way for the fabrication 
of advanced Ge1−xSnx-based electronic and photonic devices. 
Fluorine (F) and Chlorine (Cl) based dry etching processes of Ge1−xSnx 
were investigated. The F-based plasma etching is not suitable for Ge1−xSnx 
materials due to formation of the non-volatile etching product (SnFy). This 
may lead to a very rough etch surfaces and sidewalls. On the other hand, 
volatile products are formed when Ge and Sn atoms react with Cl radicals. 
Therefore, smooth Ge1−xSnx sidewall and surface can be achieved by Cl-based 
dry etching. 
In addition, a detailed investigation on the wet etching characteristics 
of Ge1−xSnx alloys in ammonia peroxide mixture (APM) solution is 
documented. The etch depth of Ge1−xSnx samples was observed to depend not 
only on the etch time (t) but also on the Sn composition (x). Also, a 
quantitative X-ray photoelectron spectroscopy (XPS) analysis on the 
formation of surface Sn-oxides and Ge-oxides during APM etching was 
performed. The increase of Sn-oxide surface coverage during the wet etching 
decreases the amount of Ge atoms exposed to the etchant, resulting in a 
decrease in etch rate. Finally, surface analysis using atomic force microscopy 
(AFM) shows that both the root-mean-square (RMS) roughness and the 
undulation periods of the sample surface increase with increasing t. 
6.1.2 Surface Passivation of Ge1−xSnx/Si p-i-n Photodiodes 
For the first time, a complementary metal-oxide-semiconductor 
(CMOS) compatible Si passivation technique was proposed and 
experimentally demonstrated to suppress Idark of the Ge0.95Sn0.05/Si p-i-n 
photodiodes in Chapter 3.  
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Si passivation layer effectively passivates surface defects located at the 
mesa sidewall. Thus, surface leakage current density (Jsurf) of the photodiode 
was reduced by around two orders of magnitude due to the sidewall surface 
passivation. A dark current density (Jdark) of 0.073 A/cm2 at the bias voltage 
(Vbias) of −1 V was achieved, which is among the lowest reported values for 
Ge1−xSnx/Si p-i-n photodiodes. Temperature-dependent current-voltage 
measurement was performed for the Si-passivated and non-passivated 
photodiodes, from which the activation energies of Idark were extracted to be 
0.304 eV and 0.142 eV, respectively.  
When biased at −1 V, the Si-passivated photodiode shows optical 
responsivities (Rop) of 178, 67, 35, and 17 mA/W at the wavelengths (λ) of 
1550, 1630, 1742, and 1877 nm, respectively. Negligible Rop change was 
observed for the Ge0.95Sn0.05/Si p-i-n photodiodes with and without Si 
passivation. The Si passivation technique shows promise for the 
monolithically-integrated Ge1−xSnx/Si infrared optical receivers and image 
sensors, where low-power consumption and high signal-to-noise-ratio (SNR) 
are important. 
6.1.3 Ge0.95Sn0.05/Si Avalanche Photodiode for NIR Photodetection 
Si is one of the optimum semiconducting materials for avalanche 
photodiode (APD) due to its inherently large asymmetry in electron and hole 
impact ionization coefficients. However, Si APDs are not suitable for 
photodetection beyond 1.1-μm wavelength. In Chapter 4, we report the 
world’s first demonstration of a Ge0.95Sn0.05/Si APD. This design combines the 
advantages of the large cutoff wavelength (λc) of Ge1−xSnx as an infrared 
absorber and the supreme avalanche multiplication properties of Si.  
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The as-grown Ge0.95Sn0.05/Si sample was first characterized by AFM, 
X-ray diffraction (XRD), and transmission electron microscopy (TEM). After 
that, Idark of the APDs at various temperatures were measured. The 
temperature dependence of breakdown voltage (Vbr) was studied and the 
thermal coefficient of Vbr was extracted to be 0.05% K−1. This value is smaller 
as compared to those of the conventional III-V-based APDs, indicating a 
lower sensitivity to temperature variations in real applications. Finally, the 
Ge0.95Sn0.05/Si APD shows a large Rop of ~1 A/W at Vbias of −9.8 V in the 
wavelength range from 1600 to 1630 nm due to the internal avalanche gain.  
6.1.4 Ge0.9Sn0.1 Multiple Quantum Well on Si APD for Light 
Detection at 2 μm and Beyond 
Chapter 5 extends the absorption edge of Si APDs from NIR to MIR 
wavelength region through the realization of a Ge0.9Sn0.1 multiple quantum 
well on Si APD (Ge0.9Sn0.1 MQW/Si APD). This device features a 
pseudomorphic Ge0.9Sn0.1 MQW as the infrared absorbing layer. The 
calculated cutoff wavelength (λc) of the MQW absorber is around 2.2 μm. This 
is a major milestone as APDs with λc above 2 μm are traditionally achieved 
using III-V or HgCdTe compounds. 
 Temperature-dependent current-voltage measurement was performed 
for the Ge0.9Sn0.1 MQW/Si APDs. Thermal coefficient of the Vbr is extracted 
to be 0.053% K−1, which is smaller than that of APDs with III-V as the 
multiplication material. This indicates that the Ge0.9Sn0.1 MQW/Si APD has a 
less stringent demand on temperature stability as compared to the conventional 
III-V-based ones.  
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In addition, the spectral response of the APD covers wavelengths 
ranging from 1510 to 2003 nm. In particular, a Rop of 0.33 A/W is achieved at 
λ = 2003 nm with Vbias = −10 V due to the internal avalanche gain. With 
further advances in Ge1−xSnx technology, monolithically-integrated MIR 
image sensors and optical receivers with high-performance and low-cost can 
be envisaged. 
6.2 Future Work 
6.2.1 Further Investigations on Ge1−xSnx Etching Process 
More detailed investigations are needed to explore the exact 
mechanism for the Ge1−xSnx dry and wet etching processes. For example, work 
should be done on examining the etching characteristics (etch rate, surface 
roughness, etc.) of Ge1−xSnx with various Sn compositions and crystal 
orientations. It is also worth investigating the verticality of the etched 
nanostructures, which is critical in fabricating the fin structures for Ge1−xSnx 
MOSFETs.   
6.2.2 Further Investigations on Idark Suppression of Ge1−xSnx 
Photodiodes  
Additional research efforts should be invested on suppressing Ibulk of 
the photodiode. Future work will focus on reducing TDD of the Ge1−xSnx/Si 
samples, possibly by using an optimized growth technique [41] and a cyclic 
annealing process [166]. In addition, further optimization of the Si passivation 
process is needed for Ge1−xSnx devices with high-Sn-content. This can be 
possibly achieved by decreasing the process temperature and using a two-step 
growth method as reported by P. Guo et al. [91].  
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6.2.3 High-speed Ge1−xSnx/Si Photodiodes at 2-μm Wavelength 
More efforts should be put to develop the 2-µm wavelength high-speed 
Ge1−xSnx/Si photodiodes with a 3dB bandwidth (or cutoff frequency) of 
around tens of GHz. This can be realized by optimizing the photodetector 
design and fabrication process to achieve a lower contact resistance, a smaller 
diode capacitance, and a shorter carrier transit time. 
6.2.4 Ge1−xSnx Waveguide Photodetectors on Silicon-on-Insulator 
Substrates 
Further investigations are needed to develop the lateral-illuminated 
Ge1−xSnx waveguide photodetectors, as illustrated in Fig. 6.1. Infrared photons 
and photo-generated carriers within the i-Ge1−xSnx layer travel along Z and Y 
directions, respectively. Thus, Rop and 3dB bandwidth of the detector can be 
enhanced separately by optimizing the length (along Z) and thickness (along Y) 
of the i-Ge1−xSnx layer. 
 
Fig. 6.1. (a) Three-dimensional (3D) schematic of the Ge1−xSnx waveguide p-i-
n photodetector. The SiO2 capping layer on surface and sidewall of the 
photodetector is not shown for clarity. (b) Cross-sectional schematic of the 
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